12 United States Patent

Khalili Amiri et al.

US009520443B2

US 9,520,443 B2
*Dec. 13, 2016

(10) Patent No.:
45) Date of Patent:

(54) SYSTEMS AND METHODS FOR
IMPLEMENTING MAGNETOELECTRIC
JUNCTIONS

(71) Applicant: THE REGENTS OF THE
UNIVERSITY OF CALIFORNIA,
Oakland, CA (US)

(72) Inventors: Pedram Khalili Amiri, Los Angeles,
CA (US); Kang L. Wang, Santa
Monica, CA (US)

(73) Assignee: THE REGENTS OF THE
UNIVERSITY OF CALIFORNIA,
Oakland, CA (US)

( *) Notice: Subject to any disclaimer, the term of this

patent 1s extended or adjusted under 35
U.S.C. 154(b) by O days.

This patent 1s subject to a terminal dis-
claimer.

(21)  Appl. No.: 14/811,805

(22) Filed:  Jul. 28, 2015

(65) Prior Publication Data
US 2016/0027842 Al Jan. 28, 2016

Related U.S. Application Data

(63) Continuation-in-part of application No. 14/438,451,
filed on Aug. 13, 2014, which 1s a continuation of

(Continued)
(51) Int. CL
HOIL 27/00 (2006.01)
HOIL 27/22 (2006.01)
(Continued)

600\

(52) U.S. CL
CPC .......... HOIL 27/222 (2013.01); G11C 11/161
(2013.01); HOIL 27/224 (2013.01); HOIL
43/02 (2013.01):

(Continued)

(58) Field of Classification Search
CpPC ... HO1L 43/10; HO1L 27/224; HO1L 43/02;
HO1L 27/222

See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

5/2010 Cowburn et al.
10/2010 Jin

(Continued)

7,710,770 B2
7,820,064 B2

Primary Lxaminer — Ngan Ngo
(74) Attorney, Agent, or Firm — O’Banion & Ritchey
LLP; John P. O’Banion

(57) ABSTRACT

Embodiments of the technology implement DIOMEJ cells.
In one embodiment, a DIOMEJ cell includes: an MEJ that
includes, a ferromagnetic fixed layer, a ferromagnetic free
layer, and a dielectric layer interposed between the fixed and
free layers, where the fixed layer 1s magnetically polarized
in a first direction, where the free layer has a first easy axis
that 1s aligned with the first direction, and where the MEJ 1s
configured such that when a potential difference 1s applied
across 1t, the magnetic anisotropy of the free layer 1s altered
such that the relative strength of the magnetic anisotropy
along a second easy axis that 1s orthogonal to the first easy
axis, as compared to the strength of the magnetic anisotropy
along the first easy axis, 1s magnified for the duration of the
application of the potential difference; and a diode, where
the diode and the MEJ are arranged in series.

28 Claims, 15 Drawing Sheets

Dielectric : 604

Free

>




US 9,520,443 B2
Page 2

Related U.S. Application Data

application No. 14/021,916, filed on Sep. 9, 2013,
now Pat. No. 8,841,739,

(60) Provisional application No. 61/698,635, filed on Sep.

8, 2012.
(51) Inmt. CL
HOIL 43/08 (2006.01)
HOIL 43/10 (2006.01)
GI1IC 11/16 (2006.01)
HOIL 43/02 (2006.01)
HOIL 43/12 (2006.01)
(52) U.S. CL
CPC ..o HOIL 43/08 (2013.01); HOIL 43/10
(2013.01); HOIL 43/12 (2013.01)
(56) References Cited

U.S. PATENT DOCUMENTS

7,915,891 B2 3/2011 Edelstein
8,841,739 B2* 9/2014 Khalili Amirt ......... HOIL 43/08

257/421
2014/0071732 Al 3/201
2014/0169085 Al 6/201
2014/0177327 Al 6/201

Khalili Amiri
Wang
Khalili Amiri

EENN LN EN

* cited by examiner



U.S. Patent Dec. 13, 2016 Sheet 1 of 15 US 9,520,443 B2

"EQ@\
e 102
L
e |18
110~
. 104
FIG. 1
. 202
206

FIG. 2



US 9,520,443 B2

Sheet 2 of 15

Dec. 13, 2016

U.S. Patent

806

0LE -~

90b

¢ Old

lessans <OIS/IS

SD0J051T Wolog

143>
Yl

Bik-

894001} Uony08g QNGQ

A

(Wu £7) g0 0% 1
(Wi 58°0) nH
................................................................................ @Nm
(wu gz} Yea4qtion
............... ﬁ W FAAS
LS LIAIL
mm ‘‘‘‘‘‘‘ Wd e
SN0 doy are

18AB™ pEXl4

| 12AeT 8814

Wil (3G

Ii-'
L)
1.1.1
Iii
Iii
r e
Ii-'
Ii-'
L)
1.1.1
Iii
r
.1-1
i.I .
- .
- Iy

F]

r
-

r e
F

r e
F

r

-

r

F]

r

r

r




U.S. Patent Dec. 13, 2016 Sheet 3 of 15 US 9,520,443 B2

400\\

402

- 404

— 408

~ 464

454

472

~ 474

~ 480




U.S. Patent Dec. 13, 2016 Sheet 4 of 15 US 9,520,443 B2




US 9,520,443 B2

¥ F PSR
4 FFEEFE AT ET
T

Sheet 5 of 15

Dec. 13, 2016

600\

U.S. Patent

-

+ FFFFEF PSS EF
+ 4 Ff £ F £ FFFAdFEF

L B N L B R N D B L N R B R R B
* F 4 F FFFFIFEFAFEFPESFFSEF A FEFEFESFEFEFSE SRR ST E ST

4 f FFFFFFd S S FSA S PSSP R

-
*FFE A FEF T FESFFEdF ST IS FAF ST IS FA SRS EEF A TS -

O
| -
OJ o D
&)
2 o| O
LL [ LL
)

FIG. 6

LR N N N N L N N

# F4 44 44 FFFFLdFFH

LB B BN B B |

r
4 Ff S Fd PSS FA S S PSS Fd PSS FF PSS IS S S S SIS FE S FEFSFEFE PSS S TS SFE AT
.1.' L SN N N N N N N N N N N N N O N N N L N N N N N R N N O N N N ii

O
- ©
&
O D
< | LT
-

FIG. 7



US 9,520,443 B2

Sheet 6 of 15

Dec. 13, 2016
800\

U.S. Patent

4
-
o0

4 2 2 82 4 8 4 mam 28 28 &S84 8 488 EASE 28 A8 J A4 ESE ASE &S A& 2
e T T O L L L L

M 4 &2 W A E &2 S 2 & 4 8 J E E 28 2SS &S 4 8 4 EAS =S A2 S ESE J A J ma A
L I L

O

I u_rll. O
O

2 o| @

LL @ | -
-

FIG. 8

o fd O F A F

LIS R L N N N L L L N L O D L O L T

.
4

LI R NN N N L N L N N L L D O

L]

4] £ F 4 F 58 F 8 4 8 d




U.S. Patent Dec. 13, 2016 Sheet 7 of 15 US 9,520,443 B2

1000\
1002
1004 ~~1104
FIG. 10
FIG. 11a
1130
\ 1160\
\— 1132 1162

FIG. 11b FIG. 11c



US 9,520,443 B2

Sheet 8 of 15

1250

Dec. 13, 2016

1200
N

U.S. Patent

X/

ree |

1202
1204

free

s

-
Ll
]
- L o Tl i W L. Ml
-
-

FIG. 12

SL,

-
]
L]
T W P TR L Pl WS WY MR e el
-
-
4

W W



U.S. Patent Dec. 13, 2016 Sheet 9 of 15 US 9,520,443 B2

Memory Array #N

1306 1
Memory Array #2

Memory Array #1

1304 —1 Circuits

1302 ~ Substrate

o ko F F F ko ko ko kS o o ko F ok F kS
i"‘i'l'i'il‘i‘l‘l‘i‘l‘l‘i‘i‘l‘i‘i‘l'i'i'l'i'i'l'i'i'l'l'i'l'l'i'l'l'i' l'l'i'i'l'i'i'l'i'i'l-i'i'l'iil‘iil‘l‘il‘iii‘i‘il‘i‘i‘l‘i‘*i*
L)
[ !
L

FIG. 13




U.S. Patent Dec. 13, 2016 Sheet 10 of 15 US 9,520,443 B2

1402

CLB

CLB

CLB

CLB

CLB

oo

CLB

-“--------------J

CLB

.-'-'-'---.'-'-'-'-'-'--'-'-'-'-'-

m hchoh ok d oy bk ch ok ok b hhh k] b hhEhd b h Rk

L3 8 2 3 o O O L

L RN EREEREEREEREREREERENEREILEIEENIENLRIN®E]

n
E
n
h
n
E
n
n
h
n
E
n
n
h
E
n
el ok 4 n b ook A u ki ok ok ok ok n bk oh ok o d hoh ok ok ohdu bk ok ok dn bhohhd b khckhckhda ki ok chhd ok
h
n
n
n
E
n
n
n
E
h
n
n
E
n
L h
n

ok d v hh b d v hhh ] bk k] bk ki

kBRI " B R R BB . -I.I-I.I.I-I.I.I-I.I-I.iI.I-I.I-I.I.I.I.I-II.I.-I.I.I.I‘.-I.I.I.I.I-I-I.I.I.I-.I.I-I. BRI B k1 . R R R R . kR E ORI . kR R ORI .k kR RE I .k
¥ u

&

s,

Xy R FFFFFFrrrFErrrSrFErSrrSrFFrFrSFrErFSrAF P FEFFlFFFERFRFr PR R
d r b &k kd r F b &k &kdrFddk Fdr F bk ddr P bk dr F bk dd Fdb kb dr kb ddr bk dr Pk dr ko kdr Pk Fdd kb d F ko kd rF ko dr ko dr kol kb dr bk bk Pkl kb dr kol r F okl Fdk ok kdr kol r Bkl F kb dr - kkkd r ko dr FdkkFdkdr kol r Bk Pk kb d Rkl ko



. Patent Dec. 13, 2016 Sheet 11 of 15 US 9.520.443 B2

L]
-
-
L]
-
-
L]
-
-
L]
-
-
L]
.
-
L]
-
-
L]
-
L]
-
-
L]
-
-
L]
-
-
-
L]
-
-
-
-
L]
-
-
L]
-
-
L]
-
-
L]

ok ok kS L
b ok F r ok ok ko ko ko FFFFFF
*
&+
L
*
L
-
*

substrate - 1508

FIG. 15

1614

- .
4 b b ok ok ok vk ko ko h h ok ok ch ok h h kb ok ok ok h ok h h d h ok ok h k4 ch ok ok ko h h d h chh h ok ch ok ch ok h ki ch h h h h ok ch ok kA h ok ch ok h h ok h hh h A
-

-

l%
= o o o ko F F F F ko F

[

*

L
r
o o o o F ko ko ko F kF ko F ko k F F o ko ko

-

*

-

-
“i
-
-
-
L]
-
-
L]
-
-
L]
-
-
L]
-
-
L]
-

& & o o F F F & &

16006

*

-

o o o

~-1604
~~1610

-
“i
-
-
-
L]
-
-
L]
Fs
-
L]
-
-
L]
-
-
L]
-
-

FIG. 16

~1608



U.S. Patent

1614

1612
1602

1606 ~

1604 —1"

1614 .

1612 ~

1602 ~

1606 -

] F
[? L [
[? ] *
[ -
[ " *
[/ L]
*
* *
L L
B a
) *
r
"
) [ ]
L)
&+ - [
r L]
r
L L]
+ [ W

[?
L
[
[}
[?
[}
[?
[}
]
.l." =

Dec. 13, 2016

Iy
&
*
&
-
-
4
&
-
o
"
"
]
.

Sheet 12 of 15

M

substrate

FIG. 17

1618~

-1616

-

v

s *
*
*
a4 a2
L]
[
L
r
*
*
F
[ J

— Y
®p
(-
o

Photoresist

& .
&
&
&
L
ol .

Z
7
7
7
2
7
/
?

7

B\
A =

1616

N

A

~1614

~1612
~1602

-1606

~— 1604

US 9,520,443 B2

1610

1608

FIG. 18



S. Patent Dec. 13,2016 Sheet 13 of 15 US 9.520.443 B2

substrate 1610
FIG. 19

substrate ~1610

FIG. 20 1608



. Patent Dec. 13, 2016 Sheet 14 of 15 US 9.520.443 B2

1622 1622

FIG. 21



S. Patent Dec. 13,2016 Sheet 15 of 15 US 9.520.443 B2

L L I A N I B N I DO N B DL N I DAL N IO DO N DL DO RO DR DO B BN )
&

Start

L I N N N B N N N N N N N N N N B N N N B N I B N

kS
o o F F F F F F F F

* &
+ o+ &

LEE DR NE N B L N B L R B N N B U N N N N B N N B N N N N N N N N N R N B N N N N N I N N B N N N N N B N N N N N B N N I N N N N B I N N B O B I N I IOC BN B IOC N B IO DO L IOL BOL BOE IOC BOL AL IOC AL IR IOE BN IOE DOC BOE BOE IOC T BOE IOC RO BOE BOC BOE IR TOC DO BOL BOC BOE L BOC DAL DL IOC BOE BOE BOL BOK DL JOC BOE L BOL RO BOE B B B B )

Deposit electrode on to substrate,
and develop electrode

LI I N N R R R R R RN E R RN R Rl REEEEEREERENREEENEEENEENEEEEEEEEN]

2202~

ok o kS
o o kS

-
-
L]
-
-
-
L]
-
L]
-
-
-
L]
-
-
L]
-
L]
-
-
-
L]

* F &
+ & F F

LI I I I R R R R R R RN RN EEREEEREREEEREEREEREREEEEEEREEEEEEEREEEREEREEEREEREREEREREEREEREEEREEREREREEEREEREEREEEEEEREEEEEEREEEREREEEREREREERENEEENEEREEEENEEEREEREENENEIEENRIEENEE RN

Deposit free layer onto electrode,
and develop free layer

LI I N N I B N I N B B B N I IO N I B N I N N I D N B N N B N N N N N N N N N N N N B N N N N N N N N N N N N N N N N N N N B N N N N N N N N I N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N R N N N N N N N N N N N N N NN N N N N N R R

2204~~~

*

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

o ok kS

-
-
L]
-
-
L]
-
L]
L]
-
-
L]
-
-
-
-
-
L]
-
-
L]
-

* o+
+ o+ o+ F

LI I I I N R R R R R RN RN RN R R R R RN RN RN EE R R R EEREEEEREEREEEREEENEENENENENRNEENEEEEEEERN]

Deposit dielectric layer onto free layer,
and develop dielectric layer

LI I N N N R N I N N B B N I B N N B N I B N I D N I B B N B N N B N N B N N B N N B N N N N N B R N N N I N N I N N N B R N N B N N N I N N N N N N N N I N N N N N N N N I N N N N N I N N I N R N N N N N N N N B N N N N N N N N N N B N N N N N N N N B N B B B

ok kR
b o bk kS

-
L]
-
-
-
-
-
L]
-
-
L]
-
L]
L]
-
-
L]
-
-
L]
-
-

* &
+ o+ F F

LEE DR NE N B L N B L R B N N B U N N N N B N N B N N N N N N N N N R N B N N N N N I N N B N N N N N B N N N N N B N N I N N N N B I N N B O B I N I IOC BN B IOC N B IO DO L IOL BOL BOE IOC BOL AL IOC AL IR IOE BN IOE DOC BOE BOE IOC T BOE IOC RO BOE BOC BOE IR TOC DO BOL BOC BOE L BOC DAL DL IOC BOE BOE BOL BOK DL JOC BOE L BOL RO BOE B B B B )

Deposit fixed layer on dielectric layer,
and develop fixed layer

LI I N N R R R R R RN E R RN R Rl REEEEEREERENREEENEEENEENEEEEEEEEN]

22081

ok ok kS
o kS

L]
-
-
L]
-
-
L]
-
-
L]
-
-
L]
-
-
L]
-
-
L]
-
-
L]

* F &
+ & F F

LR B B B B BE B EE D DR BE DR B BE D B BE BE DR DR BE BE BE DE DR DE BE B BE DR DR DR DE D BE DE R BE DR BE DR BE B BE DR DR DE DE DR DR BE DR BE D B BE BE BE BE UE B B U B I U B B NE B I N B NE I B I L N B N N I B B I N B I BAE L IOC DAL AL IOC BOE L IOC DAL BOE IOC DO BOE BOC BOE IR IOC DOE BOL BOC BOE AL BOC DAL DL IOC BOE BOE IOL BOE DL IOC BOE AL DAL BOE B B B B B )

Deposit first diode layer on developed fixed
layer, and develop first diode layer

LI I N N I B N I N B B B N I IO N I B N I N N I D N B N N B N N N N N N N N N N N N B N N N N N N N N N N N N N N N N N N N B N N N N N N N N I N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N R N N N N N N N N N N N N N NN N N N N N R R

2210~

o ko kS
& F ok F F o F F F F F F F ko F ko
o ko F S

L
+ & F F

LI I I I N R R R R R RN RN RN R R R R RN RN RN EE R R R EEREEEEREEREEEREEENEENENENENRNEENEEEEEEERN]

Deposit second diode layer on developed
first diode layer

LI I N N N R N I N N B B N I B N N B N I B N I D N I B B N B N N B N N B N N B N N B N N N N N B R N N N I N N I N N N B R N N B N N N I N N N N N N N N I N N N N N N N N I N N N N N I N N I N R N N N N N N N N B N N N N N N N N N N B N N N N N N N N B N B B B

2212~

ok kR
b kS

-
L]
-
-
L]
-
-
L]
-
-
L]
-
-
L]
-
-
L]
-
-
L]
-
-

* &
+ o+ F &

LEE DR NE N B L N B L R B N N B U N N N N B N N B N N N N N N N N N R N B N N N N N I N N B N N N N N B N N N N N B N N I N N N N B I N N B O B I N I IOC BN B IOC N B IO DO L IOL BOL BOE IOC BOL AL IOC AL IR IOE BN IOE DOC BOE BOE IOC T BOE IOC RO BOE BOC BOE IR TOC DO BOL BOC BOE L BOC DAL DL IOC BOE BOE BOL BOK DL JOC BOE L BOL RO BOE B B B B )

Deposit electrode onto developed second
diode layer, and develop electrode

iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii

2214~

ok ok kS
o kS

L]
-
-
L]
-
-
L]
-
-
L]
-
-
L]
-
-
L]
-
-
L]
-
-
L]

* F &
+ & F F

L L I A A I DA N I O B B DAL B DL AL B IOE BOE BN BOL DO BOE DR DAL B BN )
-

ok kS

-
LI I N N N B N N B N N B B N N N N B N N B B I B B

FIG. 22

L]
-
-
L]
-
-
L]
-
-
L]
-
-



US 9,520,443 B2

1

SYSTEMS AND METHODS FOR
IMPLEMENTING MAGNETOELECTRIC
JUNCTIONS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation-in-part of U.S. patent
application Ser. No. 14/458,451 filed on Aug. 13, 2014,
which 1s a continuation of U.S. patent application Ser. No.
14/021,916 filed on Sep. 9, 2013, now U.S. Pat. No. 8,841,
739, mcorporated herein by reference in 1ts entirety, which
claims priority to, and the benefit of, U.S. provisional patent
application Ser. No. 61/698,635 filed on Sep. 8, 2012,
incorporated herein by reference 1n its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This mnvention was made with Government support under
HROO011-10-C-0153, awarded by the Department of
Defense, Defense Advanced Research Projects Agency. The
Government has certain rights in the mvention.

INCORPORATION-BY-REFERENCE OF
COMPUTER PROGRAM APPENDIX

Not Applicable

BACKGROUND

1. Technical Field

The present invention generally relates to the implemen-
tation of magnetoelectric junctions.

2. Background Discussion

Devices that rely on the interplay between electricity and
magnetism underlie much of modern electronics. Relatively
recently, researchers have begun to develop and implement
such devices that take advantage of quantum mechanical
magnetoresistance eflects, such as giant magnetoresistance
(GMR) and tunnel magnetoresistance (ITMR). GMR and
TMR principles regard how the resistance of a thin film
structure that includes alternating layers of ferromagnetic
and non-magnetic layers depends upon whether the ferro-
magnetic layers are 1n a parallel or antiparallel alignment.
For example, magnetoresistive random-access memory
(MRAM) 1s a technology that 1s being developed that
typically utilizes TMR phenomena 1n providing for alterna-
tive random-access memory (RAM) devices. In a typical
MRAM bait, data 1s stored in a magnetic polarization within
an arrangement that includes two ferromagnetic plates sepa-
rated by an insulating layer—this arrangement 1s conven-
tionally referred to as a magnetic tunnel junction (MT1JT). One
of the ferromagnetic plates (the fixed layer) 1s permanently
set to a particular polarization, while the other ferromagnetic
plate (the free layer) can have i1ts magnetic polarization
altered. Generally, the MRAM bit can be written to by
manipulating the magnetic polarization of the free layer such
that it 1s either parallel or antiparallel with the polarization
of the fixed layer; and the bit can be read by measuring 1ts
resistance, since the resistance of the bit will depend on
whether the polarizations are in a parallel or antiparallel

alignment.
MRAM technologies 1itially exhibited a number of defi-

ciencies. In particular, the bits tended to be neflicient since
they required a relatively large current to manipulate the
magnetic polarization of the bit’s free layer. Consequently,
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adjunct technologies were implemented to mitigate these
deficiencies. For example, spin-transier torque MRAM

(STT-MRAM) 1s a variant of the base MRAM technology

whereby the magnetizing current constitutes spin-aligned
clectrons that are used to directly torque the domains.
Addltlonally,, Thermal Assisted Switching MRAM (TAS-
MRAM) 1s yet another variant of MRAM technology
whereby the MTJs are heated during the write phase; the
heating of the MTIs reduces the current required to polarize
the free layer.

Nonetheless, 1in spite of these advances to MRAM tech-
nology and 1n spite of the many potential advantages that
MRAM technology offers, 1t has yet to be made to be
commercially viable. Accordingly, there exists a need to
develop more eflective electromagnetic configurations that
implement magnetoresistance principles such that they can
be made to be more commercially viable.

BRIEF SUMMARY

Systems and methods in accordance with embodiments of
the invention implement DIOMEJ cells that include a non-
linear resistor arranged in series with a magnetoelectric
junction (MEJ). In one embodiment, a DIOMEI] cell
includes: a magnetoelectric junction, that itself includes a
ferromagnetic fixed layer, a ferromagnetic, magnetically
anmisotropic, free layer, and a dielectric layer interposed
between the ferromagnetic fixed layer and ferromagnetic,
magnetically anisotropic, free layer, where the ferromag-
netic fixed layer 1s magnetically polarized 1n a first direction,
where the ferromagnetic, magnetically anisotropic, free
layer has an easy axis that 1s substantially aligned with the
first direction, such that the ferromagnetic, magnetically
anisotropic, free layer can adopt a magnetic polarity that 1s
either parallel with or antiparallel with the first direction, and
where the magnetoelectric junction 1s configured such that
when a potential diference 1s applied across the magneto-
clectric junction, the coercivity of the ferromagnetic, mag-
netically anisotropic, free layer i1s reduced; and a non-linear
resistor, wherein the non-linear resistor and the magneto-
clectric junction are arranged in series.

In another embodiment, a DIOMEIJ cell apparatus com-
prises: (a) a non-linear resistor; (b) a ferromagnetic fixed
layer; (¢) a non-magnetic layer; (d) a ferromagnetic iree
layer; and (e) a high spin-orbit coupling material in prox-
imity to the ferromagnetic free layer.

In another embodiment, the first direction coincides with
an 1n-plane direction.

In yet another embodiment, the first direction coincides
with an out-of-plane direction.

In even another embodiment, the magnetic anisotropy of
the ferromagnetic, magnetically anisotropic, free layer i1s
reduced when a potential difference 1s applied across the
magnetoelectric junction.

In another embodiment, the non-linear resistor 1s a diode
selected from the group consisting of a Schottky diode, a
Zener diode, an avalanche diode, p-n diode, 1onic diode,
memristor, and tunnel diode. In another embodiment, the
direction of magnetic polarization of the free layer of the
magnetoelectric junction 1s mverted by the application of a
potential difference pulse that has a duration that coincides
with half of the precessional period of the ferromagnetic free
layer, or an odd multiple thereof.

In still another embodiment, the application of a first
threshold potential difference across the ferromagnetic fixed
layer and the ferromagnetic, magnetically anisotropic, free
layer reduces the coercivity of the ferromagnetic, magneti-
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cally anisotropic, free layer to an extent where the strength
of the magnetic field imposed by the ferromagnetic fixed
layer 1s suflicient to magnetize the ferromagnetic, magneti-
cally anisotropic, ree layer.

In even yet another embodiment, the application of a
second threshold potential difference that 1s greater 1n mag-
nitude than the first threshold potential difference causes a
spin-transier torque current to flow through the magneto-
clectric junction, where the spin-transfer torque current
magnetizes the ferromagnetic, magnetically anisotropic, free
layer 1in a direction antiparallel with the first direction.

In a further embodiment, the ferromagnetic fixed layer

includes one of: 1ron, nickel, manganese, cobalt, boron,
rhodium, platinum, palladium, FeCoB, FeGaB, FePd, FePt,

and FeRh. In a yet further embodiment, the ferromagnetic,
magnetically anisotropic, free layer includes one of: 1ron,
nickel, manganese, cobalt, boron, rhodium, FeCoB, FeGaB,
FePd, FePt, and FeRh. In another embodiment, the non-
magnetic layer comprises a dielectric matenal.

In another embodiment, the non-magnetic layer 1s itself
composed of layers of two or more dielectrics.

In an even further embodiment, the dielectric layer com-
prises one or a combination of: MgO, TaOx, HIOx and
Al O;.

In a still further embodiment, a DIOMEJ cell further
includes an externally applied magnetic field that 1s either
parallel with or antiparallel with the magnetic polarization of
the ferromagnetic fixed layer, wherein the externally applied
magnetic field has a strength suflicient to magnetize the
ferromagnetic, magnetically anisotropic, free layer when 1ts
coercivity 1s reduced with the application of a potential
difference across the ferromagnetic fixed layer and the
ferromagnetic free layer.

In a further embodiment, the DIOMEJ cell comprises a
second ferromagnetic fixed layer with its magnetization
substantially perpendicular to that of the first ferromagnetic
fixed layer and ferromagnetic free layer.

In a further embodiment, the second ferromagnetic fixed
layer comprises a high-moment magnetic material.

In a further embodiment, the second ferromagnetic fixed
layer comprises at least one element selected from the group
of elements consisting of: Fe, N, Zr, Hi, Ta, T1, Co, and B.

In a yet further embodiment, the second ferromagnetic
fixed layer comprises a hard magnetic material.

In yet another embodiment, the hard magnetic material
comprises at least one element selected from the group of
clements consisting of: Fe, Nd, Co, and B.

In another embodiment, the second ferromagnetic fixed
layer comprises an exchange-biased magnetic material.

In yet another embodiment, the exchange-biased mag-
netic material comprises at least one element selected from
the group of elements consisting of: Fe, Co, and B disposed
in close proximity to an anti-ferromagnetic material selected
from the group PtMn and IrMn.

In an even yet further embodiment, a DIOMELJ cell further
includes a seed layer.

In another embodiment, the seed layer comprises seed
layer comprises a material selected from the group of
materials consisting of: tantalum, hatnium, molybdenum,
tungsten, iridium, magnesium, chromium, and ruthenium.

In yet another embodiment, the seed layer comprises two
or more layers of a matenial selected from the group of
materials consisting of: tantalum, hatnium, molybdenum,
tungsten, iridium, magnesium, chromium, and ruthenium.

In yet another embodiment, the seed layer comprises a
material with large spin-orbit coupling.
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In yet another embodiment, the seed layer comprises one
or more topological insulating materials selected from the
group of materials consisting of: Bi, Se, Sb, and Te.

In yet another embodiment, a DIOMEIJ cell further
includes a second dielectric layer and a semi-fixed layer,
where the second dielectric layer 1s mterposed between the
ferromagnetic, magnetically anisotropic, free layer and the
semi-fixed layer; where the semi-fixed layer has a direction
of magnetic polarization that 1s antiparallel with the direc-
tion of magnetic polarization of the ferromagnetic fixed
layer; and where, when a potential diflerence 1s applied
across the magnetoelectric junction, the magnetic anisotropy
of the semi-fixed layer 1s altered such that the relative
strength of the magnetic anisotropy along a third easy axis
that 1s orthogonal to the first easy axis, or the easy plane
where there 1s no easy axis that 1s orthogonal to the first easy
axis, as compared to the strength of the magnetic anisotropy
along the first easy axis, 1s magnified or reduced for the
duration of the application of a potential difference; where
the extent of thus alteration 1s less than that of the ferromag-
netic, magnetically anisotropic, free layer.

In another embodiment, the application of a potential
difference pulse that has a duration that coincides with half
of the precessional period of the ferromagnetic, magneti-
cally anisotropic, free layer, or an odd multiple thereof,
inverts the direction of magnetic polarization of the mag-
netoelectric junction.

In a further embodiment, a magneto-electric random
access memory, includes: an array of DIOMEI cells; where
cach DIOMEJ cell includes: a magnetoelectric junction, that
includes 1) a ferromagnetic fixed layer; 2) a ferromagnetic,
magnetically anisotropic, free layer; and a 3) dielectric layer
interposed between the ferromagnetic fixed layer and ferro-
magnetic, magnetically anisotropic, free layer; where the
terromagnetic fixed layer 1s magnetically polarized 1n a first
direction; where the ferromagnetic, magnetically anisotro-
pic, free layer has a first easy axis that i1s substantially
aligned waith the first direction, such that the ferromagnetic,
magnetically anisotropic, free layer can adopt a magnetic
polarity that 1s either parallel with or antiparallel with the
first direction; and where the magnetoelectric junction 1s
configured such that when a potential difference 1s applied
across the magnetoelectric junction, the magnetic anisotropy
of the ferromagnetic, magnetically anisotropic, Iree layer 1s
altered such that the relative strength of the magnetic
anisotropy along a second easy axis that 1s orthogonal to the
first easy axis, or the easy plane where there 1s no easy axis
that 1s orthogonal to the first easy axis, as compared to the
strength of the magnetic anisotropy along the first easy axis,
1s magnified or reduced for the duration of the application of
the potential difference; and a diode; where the diode and the
magnetoelectric junction are arranged in series; a plurality of
source lines; and a plurality of bit lines; where each
DIOMEI cell 1s electrically connected to a unique combi-
nation of a source line and a bit line, such that no other
DIOMEI cell 1s connected to the same bit line and the same
source line; and where a source line and a bit line can be
used to establish a potential difference across a particular
DIOMEJ cell.

In a yet further embodiment, for at least one DIOMEJ cell,
the first direction coincides with an in-plane direction.

In a still yet further embodiment, for at least one DIOME]
cell, the first direction coincides with an out-of-plane direc-
tion.

In an even further embodiment, for at least one DIOME]
cell, the application of a first threshold potential difference
across the ferromagnetic fixed layer and the ferromagnetic,
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magnetically anisotropic, free layer reduces the coercivity of
the ferromagnetic, magnetically anisotropic, free layer to an
extent where the strength of the magnetic field imposed by
the ferromagnetic fixed layer 1s suflicient to magnetize the
ferromagnetic, magnetically anisotropic, free layer.

In a further embodiment, for the at least one DIOMEJ cell,
the application of a second threshold potential difference
that 1s greater in magnitude than the first threshold potential
4
t

ifference causes a spin-transfer torque current to flow
arough the magnetoelectric junction that magnetizes the
ferromagnetic, magnetically anisotropic, free layer in a
direction antiparallel with the first direction.

In a still even yet further embodiment, for at least one
DIOMEI cell, the coercivity of the ferromagnetic, magneti-
cally anisotropic, free layer 1s reduced when a potential
difference 1s applied across the magnetoelectric junction.
In another embodiment, for at least one DIOMEJI cell, the
application of a potential diflerence pulse that has a duration
that coincides with half of the precessional period of the
ferromagnetic, magnetically amisotropic, free layer, or an
odd multiple thereof, mnverts the direction of magnetic
polarization of the magnetoelectric junction.

In a further embodiment, a magneto-electric random
access memory array, comprises: (a) a plurality of source
lines; (b) a plurality of bit lines; and (c) an array of DIOMEJ
cells electrically coupled to at least one source line and one
bit line, each DIOMEI] cell comprising: (1) a non-linear
resistor; (11) a ferromagnetic fixed layer magnetically polar-
1zed 1n a first direction; (111) a ferromagnetic free layer with
an easy magnetic axis that 1s substantially aligned with the
first direction, such that the ferromagnetic free layer can
adopt a magnetic polarity that 1s either parallel with or
antiparallel with the first direction; and (1v) a non-magnetic
layer interposed between the ferromagnetic fixed layer and
a ferromagnetic free layer; wherein the coercivity of the
ferromagnetic, magnetically anisotropic, Iree layer 1is
reduced when a potential difference 1s applied across the
magnetoelectric junction; wherein the non-linear resistor
and the magnetoelectric junction are arranged 1n series; and
wherein each DIOMEJ cell 1s electrically connected to a
unique combination of a source line and a bit line, such that
no other DIOMEI cell 1s connected to the same bit line and
the same source line; and wherein the source line and the bit
line can be used to establish a potential difference across a
particular DIOMEI cell.

In another embodiment, for at least one DIOMEJ cell 1n
the array, the first direction coincides with an in-plane
direction.

In yet another embodiment, for at least one DIOMEJ cell
in the array, the first direction coincides with an out-of-plane
direction.

In a further embodiment, the application of a threshold
potential difference across the ferromagnetic fixed layer and
the ferromagnetic free layer reduces the coercivity of the
ferromagnetic free layer to an extent where the strength of
a magnetic field imposed by a current through an adjacent
source line or bit line of an adjacent cell 1s suflicient to
switch the direction of magnetic polarization of the ferro-
magnetic free layer.

In another embodiment, for at least one DIOMEJ cell 1n
the array, the application of a threshold potential difference
across the ferromagnetic fixed layer and the ferromagnetic
free layer reduces the coercivity of the ferromagnetic free
layer to an extent that the strength of current-induced spin
torque 1mposed by an electric current through a metal source
line or bit line that 1s connected to the ferromagnetic free
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layer 1s suflicient to switch the direction of magnetic polar-
ization of the ferromagnetic free layer.

In another embodiment, for at least one DIOME]J cell 1in
the array, the coercivity of the ferromagnetic free layer 1s
reduced when a potential difference 1s applied across the
magnetoelectric junction.

In yet another embodiment, for at least one DIOME] cell
in the array, the direction of magnetic polarization of the free
layer of the magnetoelectric junction 1s iverted by the
application of a potential diflerence pulse that has a duration
that coincides with half of the precessional period of the
ferromagnetic free layer, or an odd multiple thereof.

In another embodiment, the non-linear resistor 1s a diode
selected from the group consisting of: a semiconductor p-n
junction, a Schottky metal-semiconductor connection, a
metal-insulator-metal nonlinear resistor, a Zener diode, an
avalanche diode, and a tunnel diode.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING(S)

The technology described herein will be more fully under-
stood by reference to the following drawings which are for
illustrative purposes only:

FIG. 1 1llustrates an MEJ that includes in-plane anisotro-
pies 1n accordance with embodiments of the ivention.

FIG. 2 illustrates an MEJ that includes out-of-plane
anisotropies 1n accordance with embodiments of the inven-
tion.

FIG. 3 1illustrates an MEJ that includes adjunct layers to
facilitate 1ts operation in accordance with embodiments of
the 1nvention.

FIGS. 4A and 4B 1llustrate MEJs that include a semi-fixed
layer 1in accordance with embodiments of the invention.

FIG. 4C illustrates an MEJ that has a second fixed layer
and second dielectric layer 1n accordance with embodiments
of the mvention.

FIGS. 5A and 3B illustrate the operation of an MEJ 1n
accordance with embodiments of the imvention.

FIG. 6 illustrates a DIOMEI cell that incorporates a
Schottky diode i1n accordance with embodiments of the
invention.

FIG. 7 illustrates a DIOMEI cell that incorporates a
diode-type device in accordance with embodiments of the
invention.

FIG. 8 illustrates a DIOMEJ cell where the diode 1s 1n
clectrical contact with the free layer of an MEJ 1n accor-
dance with embodiments of the invention.

FIG. 9 1llustrates a 3D schematic of a DIOMEI] cell 1n
accordance with embodiments of the mvention.

FIG. 10 illustrates a DIOMEIJ cell that has a circular
cross-sectional shape in accordance with embodiments of
the 1vention.

FIGS. 11 A-11C 1illustrate diflerent shapes that a DIOME]
cell may adopt in accordance with embodiments of the
invention.

FIG. 12 illustrates a MeRAM configuration that employs
DIOMEIJ cells in accordance with embodiments of the
invention.

FIG. 13 illustrates a configuration that implements
stacked arrays of DIOMEI cells 1in accordance with embodi-
ments of the invention.

FIG. 14 illustrates a field programmable gate array that
includes DIOMEI] cells 1 accordance with embodiments of
the 1vention.

FIG. 135 illustrates the layered deposition of a DIOME]

cell 1n accordance with embodiments of the invention.
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FIG. 16 1llustrates implementing a hard mask during the
manufacture of a DIOME] cell in accordance with embodi-

ments of the invention.

FIG. 17 depicts DIOMEI] cells that have been defined by
an etching process during manufacture 1n accordance with
embodiments of the mvention.

FIG. 18 1llustrates the deposition of a spacer layer during
the manufacture of a DIOMEIJ cell 1n accordance with
embodiments of the mvention.

FIG. 19 illustrates the deposition of an oxide or nitride
during the manufacture of a DIOMEJ cell in accordance
with embodiments of the invention.

FIG. 20 illustrates the opening of an oxide or nitride
during the manufacture of a DIOME] cell 1mn accordance
with embodiments of the invention.

FIG. 21 illustrates the deposition of an electrode in
accordance with embodiments of the mvention.

FI1G. 22 illustrates a process for manufacturing a DIOME]
cell 1n accordance with embodiments of the invention.

DETAILED DESCRIPTION

Turning now to the drawings, systems and methods for
implementing DIOMEJ cells that include a magnetoelectric
junction arranged in series with a diode are illustrated.
Previous eflorts at implementing electromagnetic compo-
nents that utilize magnetoresistance phenomena to achieve
two information states (1.e., one bit of information), e.g.,
MTlIs, were largely directed at using a current to produce a
magnetic field to manipulate the device. However, the
currents required were often considerable, e.g., in cases
where MTJs were used in MRAM configurations. Indeed, in
applications that require low-power operation, the require-
ment of a considerable current made the implementation of
devices that rely on MTIs less commercially viable.

Accordingly, voltage-controlled magnetic anisotropy-
based MTIs (VMTIs) that generally allow MTJs to utilize an
clectric field to {facilitate the imposition of a magnetic
polarization onto the free layer as opposed to (or in some
cases, 1n addition to) using a current to do so were developed

and reported. See e.g., International Patent Application
Number PCT/US2012/038693, International Publication

Number WO 2012/139078 A2, entitled “Voltage-Controlled
Magnetic Anisotropy (VCMA) Switch and Magneto-electric
Memory (MERAM),” by Khalil1 Amiri et al., the disclosure
of which 1s herein incorporated by reference. It has been
demonstrated that such devices result 1n marked perfor-
mance 1improvements over conventional MTs.

In the mstant application, the term “magnetoelectric junc-
tion” (MEJ) 1s used to refer to devices that use Voltage-
Controlled Magnetic Anisotropy (VCMA) principles to help
them realize two distinct information states, e.g., voltage-
controlled magnetic anisotropy-based MTIs (VMTIs) as
well as the VCMA switches disclosed 1n International Patent
Application Number PCT/US2012/038693, cited above. In
many 1instances, an MEJ includes a ferromagnetic fixed
layer, a ferromagnetic, magnetically anisotropic, Iree layer,
and a dielectric layer interposed between the ferromagnetic
fixed layer and ferromagnetic, magnetically anisotropic, free
layer. The ferromagnetic fixed layer has a fixed magnetic
polarization, whereas the ferromagnetic, magnetically aniso-
tropic, iree layer can be magnetized such that 1t has a
polarization either parallel with or antiparallel with the
ferromagnetic fixed magnet. In many 1nstances, the appli-
cation of a potential difference across the MEIJ, allows the
free layer to be magnetized 1n a desired direction; the free
layer can thereby be magnetized either parallel with or
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antiparallel with the polarity of the fixed magnet. In accor-
dance with magnetoresistance principles, the resistance of

the MEJ will vary depending upon whether the ifree layer
adopts a parallel magnetic polarization or an antiparallel
magnetic polarization, and therefore, the MEJ can define
two 1nformation states (1.e., one bit of mnformation). Thus,
MEJs can utilize VCMA principles to help them achieve two
distinct information states.

Conventional devices that rely on magnetoresistance prin-
ciples for operation typically utilize transistors as access
devices, e.g., to supply current. Transistors have been used,
in part, because of their ability to supply current of opposing
polarities, which has been required to write different bits of
information 1n many conventional devices. However, tran-
sistors are typically relatively bulky. Accordingly, systems
and methods 1 accordance with embodiments of the instant
invention implement configurations whereby voltages of a
single polarity can be used to alter the logic state of an MEJ,
such that a diode, which can be less bulky than a transistor,
can be used as the MEJ’s access device; a configuration that
includes such an MEJ with a diode acting as an access
device 1s referred to as a DIOMEJ cell. The utilization of
diodes, as opposed to transistors, as an access device can
confer many advantages. For instance, as can be inferred,
DIOMEI] cells can be more densely arranged than MEI-
transistor components. Thus, 1n an “MRAM” type array of
MEJ bits, 1.e., magnetoelectric RAM (MeRAM), where a
crossbar arrangement 1s implemented, the implementation of
DIOMEI cells can allow for the 3D stacking of crossbars,
thereby increasing the bit density of the MeRAM configu-
ration. Such a configuration 1s more viable when using
DIOMEI cells as opposed to MEJ-transistor components.
Moreover, using diodes as the access device, can eliminate
or reduce undesirable sneak currents that are typically
present 1n traditional crossbar arrays.

Accordingly, 1n many embodiments of the invention, a
DIOMEI cell includes: a magnetoelectric junction, that itself
includes a ferromagnetic fixed layer, a ferromagnetic, mag-
netically anisotropic, free layer, and a dielectric layer inter-
posed between the ferromagnetic fixed layer and ferromag-
netic, magnetically anisotropic, iree layer, where the
ferromagnetic fixed layer 1s magnetically polarized 1n a first
direction, where the ferromagnetic, magnetically anisotro-
pic, free layer has a first easy axis that i1s substantially
aligned with the first direction, such that the ferromagnetic,
magnetically anisotropic, free layer can adopt a magnetic
polarity that 1s either parallel with or antiparallel with the
first direction, and where the magnetoelectric junction 1s
configured such that when a potential difference 1s applied
across the magnetoelectric junction, the magnetic anisotropy
of the ferromagnetic, magnetically anisotropic, free layer 1s
altered such that the relative strength of the magnetic
anisotropy along a second easy axis that 1s orthogonal to the
first easy axis, or the easy plane where there 1s no easy axis
that 1s orthogonal to the first easy axis, as compared to the
strength of the magnetic anisotropy along the first easy axis,
1s magnified or reduced for the duration of the application of
the potential difference; and a diode, where the diode and the
magnetoelectric junction are arranged in series. The MEJ
structure 1s now discussed 1n greater detail.

Structures for Magnetoelectric Junctions

In many embodiments of the invention, a DIOMEJ cell
includes a magnetoelectric junction (MEJ). Any suitable
MEJ can be used, for example, any of the MEJs disclosed 1n
International Patent Application Number PCT/US2012/
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038693, cited above, can be implemented. In many embodi-
ments, the MEJ includes a ferromagnetic (FM) fixed layer,
an FM, magnetically anisotropic, free layer (for simplicity,
the terms “FM, magnetically anisotropic, free layer” and
“FM 1ree layer” will be considered equivalent throughout
this application, unless otherwise stated), and a dielectric
layer separating the FM fixed layer and FM {free layer.
Generally, the FM fixed layer has a fixed magnetic polar-
1zation, 1.e., the direction of magnetic polarization of the FM
fixed layer does not change during the operation of the MEJ.
Conversely the FM 1ree layer can be magnetized such that
it has a polarization either parallel with or antiparallel with
the FM fixed layer, 1.e., during the normal operation of the
MEJ, the direction of magnetlzatlon can be made to change.
For example, the FM {free layer may have a magnetic
anisotropy, whereby it has an easy axis that 1s substantially
aligned with the direction of magnetic polarization of the
FM fixed layer. The easy axis refers to the axis, along which,
there 1s a tendency for the layer to magnetize. In other
words, an easy axis 1s an energetically favorable direction
(ax1s) of spontanecous magnetization that 1s determined by
the sources ol magnetic anisotropy listed below.

Relatedly, an easy plane 1s a plane whereby the direction
of magnetization 1s favored to be within the plane, although
there 1s no bias toward a particular axis within the plane. The
casy axis and the direction of magnetic polarization are
considered to be “substantially aligned” when the polariza-
tion of the FM free layer can be made to be at least partially
parallel or antiparallel to the direction of magnetic polar-
ization of the FM fixed layer to the extent that the principles
of magnetoresistance occur and result 1 a distinct measur-
able difference 1n the resistance of the MEJ as between when
the magnetic polarizations of the FM layers are parallel
relative to when they are antiparallel, e.g., such that two
distinct information states can be defined.

The principles of voltage-controlled magnetic anisotropy
(VCMA) can be relied on in switching the FM {free layer’s
characteristic magnetic polarization, 1.e., the application of a
potential difference between the FM fixed layer and the FM
free layer generally augments the FM 1iree layer’s direction
of magnetic anisotropy, and relatedly reduces 1ts coercivity.
Accordingly, with a reduced coercivity, the FM free layer
can be subject to magnetization that can make 1t parallel with
or antiparallel with the direction of magnetic polarization for
the FM fixed layer. A more involved discussion regarding
the general operating principles of an MEJ 1s presented in
the following section.

Notably, the direction of magnetic polarization, and the
related characteristics of magnetic anisotropy, can be estab-
lished for the FM fixed and FM free layers using any suitable
method. For istance, the shapes of the constituent FM fixed
layer, FM 1free layer, and dielectric layer, can be selected
based on desired magnetic polarization orientations. For
example, implementing FM fixed, FM 1ree, and dielectric
layers that have an elongated shape, e.g., have an elliptical
cross-section, may tend to induce magnetic anisotropy that
1s 1n the direction of the length of the elongated member—
1.€., the FM fixed and FM free layers will possess a tendency
to be magnetized 1n the direction along the length of the
clongated member. In other words, the direction of the
magnetic polarization 1s “in-plane™.

Alternatively, where 1t 1s desired that the magnetic anisot-
ropy have a directional component that 1s perpendicular to
the FM fixed and FM {free layers (1.e., “out-of-plane™), the
shape of the layers can be made to be symmetrical, e.g.,
circular, and further the FM layers can be made to be thin.
In this case, while the tendency of the magnetization to
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remain in-plane may still exist, it may not have a preferred
directionality within the plane of the layer, and thus the layer
may define an easy plane 1nsofar as there 1s an anisotropic
tendency within the plane of the layer although there 1s no
preferred axis of magnetization within the plane. Where the
FM layers are relatively thinner, the anisotropic eflfects that
result from interfaces between the FM layers and any
adjacent layers, which tend to be out-of-plane, may tend to
dominate the overall anisotropy of the FM layer.

Alternatively, a material may be used for the FM fixed or
free layers which has a bulk perpendicular anisotropy, 1.e.,
an anisotropy originating from its bulk (volume) rather than
from 1its interfaces. The FM {ree or fixed layers may also
consist of a number of sub-layers, with the interfacial
anisotropy between individual sub-layers giving rise to an
cllective bulk anisotropy to the material as a whole. Alter-
natively, FM free or fixed layers may be constructed which
combine these eflects, and for example have both interfacial
and bulk contributions to perpendicular amisotropy.

FIG. 1 1llustrates an MEJ whereby the FM fixed layer and
the FM free layer are separated by, and directly adjoined to,
a dielectric layer. In particular, in the illustrated embodi-
ment, the MEJ 100 includes an FM fixed layer 102 that 1s
adjoined to a dielectric layer 106, thereby forming a first
interface 108; the MEJ further includes an FM free layer 104
that 1s adjoined to the dielectric layer 106 on an opposing
side of the first interface 108, and thereby forms a second
interface 110. The MEJ 100 has an FM fixed layer 102 that
has a magnetic polarization 112 that 1s 1n-plane, and depicted
in the 1llustration as being from left to right. Accordingly, the
FM 1free layer 1s configured such that it can adopt a magnetic
polarization 114 that 1s either parallel with or antiparallel
with the magnetic polarization of the FM fixed layer. Addi-
tional contacts (capping or seed matenals, or multilayers of
materials, not shown) may be attached to the FM {ree layer
104 and the FM fixed layer 102, thereby forming additional
interfaces. The contacts both contribute to the electrical and
magnetic characteristics of the device by providing addi-
tional interfaces, and can also be used to apply a potential
difference across the device. Additionally, 1t should of
course be understood that MEJs can include metallic con-
tacts that can allow them to interconnect with other electrical
components.

Importantly, by appropriately selecting the materials, the
MEJ can be configured such that the application of a
potential difference across the FM fixed layer and the FM
free layer can modily the magnetic anisotropy of the FM free
layer. For example, whereas 1n FIG. 1, the magnetic anisot-
ropy of the FM 1free layer 1s depicted as being in-plane, the
application of a voltage may distort the magnetic anisotropy
of the FM {free layer such that it includes a component that
1s at least partially out of plane. The particular dynamics of
the modification of the magnetic anisotropy will be dis-
cussed below 1n the section entitled “MEJ Operating Prin-
ciples.” Suitable materials for the FM layers such that this
cllect can be implemented include 1ron, palladium, plati-
num, nickel, manganese, cobalt, FeCoB, FeGaB, FePd,
FePt, FeRh, CoPt and CoPd. Further, any compounds or
alloys that include these materials may also be suitable.

Multiple layers of materials may also be used to form the
terromagnetic fixed layer and ferromagnetic free layer 1n the
various magnetoelectric junctions configurations described
herein. For example, multiple paired layers such as [Co/
Pt]xn and [Co/Pd]xn multilayers can be used.

Suitable maternials for the dielectric layer include MgO,
Al,O,. HIOx, and TaOx. The non-magnetic layer or layers
are composed of layers of two or more dielectrics. Of course,
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it should be understood that the material selection 1s not
limited to those recited—any suitable FM material can be
used for the FM fixed and free layers, and any suitable
material can be used for the dielectric layer in accordance
with embodiments of the invention. It should also be under-
stood that each of the FM {free layer, FM fixed layer, and
dielectric layer may consist of a number of multiple sub-
layers, which acting together provide the functionality of the
respective layer.

FIG. 2 illustrates an MEJ whereby the orientation of the
magnetic polarizations 1s perpendicular to the plane of the
constituent layers. In particular, the MEJ 200 1s similarly
configured to that seen 1n FIG. 1, with an FM fixed layer 202
and an FM free layer 204 adjoined to a dielectric layer 206.
However, unlike the MEJ 1 FIG. 1, the magnetic polariza-
tions of the FM fixed and FM free layers, 212 and 214
respectively, are oriented perpendicularly to the layers of the
MEJ. Additional contacts (capping or seed materials, or
multilayers of materials, not shown) may be attached to the
FM {free layer 204 and the FM fixed layer 202, thereby
forming additional interfaces. The contacts both contribute
to the electrical and magnetic characteristics of the device by
providing additional interfaces, and can also be used to
apply a potential difference across the device. It should also
be understood that each of the FM 1free layer, FM fixed layer,
and dielectric layer may consist of a number of sub-layers,
which acting together provide the functionality of the
respective layer.

Of course, 1t should be understood that the direction of
magnetic polarization for the FM layers can be in any
direction 1n accordance with embodiments of the invention,
as long as the FM f1free layer can adopt a direction of
magnetic polarization that 1s either parallel with or antipar-
allel with the direction of magnetic polarization of the FM
fixed layer, or contains a polarization component that is
cither parallel or anti-parallel with the direction of magnetic
polarization of the FM fixed layer. For example, the direc-
tion of magnetic polarization can include both 1n-plane and
out-of-plane components.

Indeed, i1t has been observed that where the 1n-plane and
out-of-plane anisotropies are relatively similar, thereby
resulting 1n an overall anisotropy that has anisotropic com-
ponents in-plane and out-of-plane, an MEJ 1s most sensitive
to VCMA principles and can thereby be advantageous.

In many embodiments, an MEJ includes, in addition to an
FM fixed layer, an FM 1free layer, and a dielectric layer,
additional adjunct layers that function to facilitate the opera-
tion of the MEJ. For example, in many embodiments, the
FM 1ree layer includes a capping or seed layer, which can
help induce greater electron spin perpendicular to the sur-
tace of the layer and/or can enhance the sensitivity to the
application of a potential difference.

FI1G. 3 1llustrates an MEJ 300 that includes multiple layers
that work 1n aggregate to facilitate the functionality of the
MEJ 300. A pillar section 302 extends from a planar section
304. A voltage 1s shown being applied 306 between the top
and bottom of the pillar. By way of example, an S1/S10,
substrate 308 1s seen over which 1s a bottom electrode 310.
The pillar 302 comprises the following layers in order: Ta
312 (e.g., 5 nm 1in thickness); a free layer 314 preferably
comprising an Fe-rich CoFeB material (e.g., Co, Fe.,B,,
having a thickness generally ranging from, but not limited
to, 0.8 nm-1.6 nm); a dielectric layer 316 comprising a
dielectric oxide such as MgO or Al,O, having a thickness of
approximately, but not limited to, 0.8-1.4 nm); a FM fixed
layer 318 preferably comprising a cobalt-rich CoFeB mate-
rial (e.g., Co.,Fe, B,, having a thickness of approximately,
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but not limited to, 2.7 nm); a metal layer (e.g., Ru 320
having a thickness of approximately, but not limited to, 0.85
nm) to provide antiferromagnetic inter-layer exchange cou-
pling; an exchange-biased layer 322 of Co-, Fe;, (e.g.,
thickness of approximately, but not limited to, 2.3 nm), the
magnetization orientation of which 1s pinned by exchange
bias using an anti-ferromagnetic layer 324, e.g., PtMn, IrMn,
or a like material having a thickness ol approximately, but
not limited to, 20 nm; and a top electrode 326. By way of
example and not limitation, the pillar of the device depicted
1s 1n the shape of a 170 nmx60 nm elliptical nanopillar.

In this 1llustration, the Ta layer 312 1s used as a seed layer
to help induce a larger magnitude of electron spin and/or
enhance the electric-field sensitivity of magnetic properties
(such as anisotropy) 1n the FM {free layer. It also acts as a
sink of B atoms during annealing of the material stack after
deposition, resulting in better crystallization of the FM {free
layer and thereby increasing the TMR eflect.

The seed layer 312 that 1s attached to the ferromagnetic
free layer 314 of FIG. 3 1s preferably made from a material
with large spin-orbit coupling. For example, the seed layer
material can be at least one layer of tantalum, hainium,
molybdenum, tungsten, chromium, palladium and ruthe-
nium. In one embodiment, the seed layer 1s formed of two
or more layers of these materials. In another embodiment,
the seed layer 1s made of or includes one or more topological
insulating materials selected from the group of Bi, Se, Sbh,
and Te. More generally, any adjunct layers that can help
facilitate the proper functioning of the MEJ can be imple-
mented 1n accordance with embodiments of the imnvention.

In numerous embodiments, the MEJ includes a semi-fixed
layer which has a magnetic amsotropy that 1s altered by the
application of a potential difference. In many instances the
characteristic magnetic anisotropy of the semi-fixed layer 1s
a Tunction of the applied voltage. For example in many
cases, the direction of the orientation of the magnetic
anisotropy of the semi-fixed layer i1s oriented 1n the plane of
the layer 1n the absence of a potential difference across the
MEJ. However, when a potential difference 1s applied, the
magnetic anisotropy 1s altered such that 1t includes a
strengthened out-of-plane anisotropy. Moreover, the extent
to which the magnetic anisotropy of the semi-fixed layer 1s
modified as a function of applied voltage can be made to be
less than the extent to which the magnetic anisotropy of the
FM free layer 1s modified as a function of applied voltage.
The incorporation of a semi-fixed layer can facilitate a more
nuanced operation of the MEJ.

FIG. 4A and FIG. 4B illustrate an MEJ that includes a
semi-fixed layer. The configuration of the MEJ 400 1n FIG.
4 A 1s similar to that depicted i FIG. 1, insofar as it includes
an FM fixed layer 402 and an FM 1ree layer 404 separated
by a dielectric layer 406. However, the MEJ 400 further
includes a second dielectric layer 408 adjoined to the FM
free layer 404 such that the FM free layer 1s adjoined to two
dielectric layers, 406 and 408 respectively, on opposing
sides. Further, a semi-fixed layer 410 1s adjoined to the
dielectric layer. Typically, the direction of magnetic polar-
1zation of the semi-fixed layer 414 1s antiparallel with that of
the FM fixed layer 412. As mentioned above, the direction
of magnetic polarization of the semi-fixed layer can be
mampulated based on the application of a voltage. In the
illustrated embodiment, it 1s depicted that the application of
a potential difference adjusts the magnetic anisotropy of the
semi-fixed layer such that the strength of the magnetic
anisotropy along a direction orthogonal to the initial direc-
tion of magnetization polarization 1s developed. Note that in
the illustrated embodiment, the directions of magnetic polar-
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izations are all depicted to be in-plane where there 1s no
potential difference. However, of course 1t should be under-

stood that the direction of the magnetic polarization can be
in any suitable direction 1n accordance with embodiments of
the mvention. More generally, although a particular con-
figuration of an MEJ that includes a semi-fixed layer 1is
depicted, 1t should of course be understood that a semi-fixed
layer can be incorporated within an MEJ i any number of
configurations in accordance with embodiments of the
invention. For example, FIG. 4B 1illustrates an MEJ that
includes a semi-fixed layer that 1s 1n a diflerent configuration
than that seen 1n 4A. In particular, the MEJ 450 1s similar to
that seen 1n FIG. 4A, except that the positioning of the
semi-fixed layer 464 and the free layer 454 1s mverted. In
certain situations, such a configuration may be more desir-

able.

Referring now to FIG. 4C, an MEJ 470 configuration that
includes a second ferromagnetic fixed layer 478 with 1ts
magnetization 484 substantially perpendicular to the mag-
netization 482 of the first ferromagnetic fixed layer 472 and
terromagnetic free layer 474 1s depicted.

Like the structure of FIG. 4A, this MEJ 470 configuration
has a first ferromagnetic fixed layer 472 with a magnetic
polarization direction 482. The first ferromagnetic fixed
layer 472 1s separated from the ferromagnetic free layer 474
by a first layer or layers of a dielectric 476. A second
dielectric layer 480 1s attached to the opposite side of
terromagnetic iree layer 474 from the first dielectric layer
4'76. The second ferromagnetic fixed layer 478 1s mounted to
the second dielectric layer 480 and has a perpendicular
magnetic polarization direction 484.

The second ferromagnetic fixed layer 478 1s preferably
made from a high-moment magnetic material. For example,
the second fixed layer 478 can be made from high-moment
magnetic material such as Fe, N, Zr, Hi, Ta, T1, Co, Pt, Pd
and B.

In another embodiment, the second ferromagnetic fixed
layer 478 1s made from a hard magnetic material such as Fe,
Nd, Co, or B.

The second ferromagnetic fixed layer 478 can also be
formed from an exchange-biased magnetic material. For
example, the exchange-biased magnetic material can have at
least one element selected from the group of Fe, Co, and B
that 1s disposed 1n close proximity to an anti-ferromagnetic
material such as PtMn and IrMn.

Indeed, although several depictions of particular MEJs
suitable for implementation within a DIOME] cell have
been described, 1t should of course be understood that any of
a variety of MEIJ cells can be incorporated within a DIOMEJ
cell 1n accordance with embodiments of the invention. For
example, any suitable MEJ disclosed 1n International Patent
Application Number PCT/US2012/038693, cited above, can

be implemented.

General Principles of MEJ Operation

In numerous embodiments, MFEJs are utilized in DIOMEJ
cells based upon their operating principles. MEJs generally
function to achieve two distinct information states using the
principles of magnetoresistance. As mentioned above, mag-
netoresistance principles regard how the resistance of a thin
film structure that includes alternating layers of ferromag-
netic and non-magnetic layers depends upon whether the
terromagnetic layers are 1n a parallel or antiparallel align-
ment. Thus, an MFEJ can achieve a first information state
where 1ts FM layers have magnetic polarizations that are
parallel, and a second information state where 1ts FM layers
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have magnetic polarizations that are antiparallel. MEJs
turther rely on the principles of voltage controlled magnetic
anisotropy (VCMA). Generally, VCMA principles regard
how the application of a potential difierence across a ferro-
magnetic material that 1s adjoined to a dielectric layer can
impact the characteristics of its magnetic anisotropy. For
example, 1t has been demonstrated that the interface of
oxides such as MgO with metallic ferromagnets such as Fe
and CoFeB can exhibit a large perpendicular magnetic
anisotropy which 1s furthermore sensitive to voltages
applied across the dielectric layer, an effect that has been
attributed to spin-dependent charge screening and to the
clectric field induced modulation of the relative occupancy
of atomic orbitals at the interface. In any case, based on
these principles, MEJs can achieve two distinct information
states. Generally, MEJs can employ two mechanmisms to do
so: first, MEJs can be configured such that the application of
a potential difference across the MEJ functions to reduce the
coercivity of the FM free layer, such that 1t can be subject to
magnetization 1n a desired polar direction, 1.¢., either parallel
with or antiparallel with the polarization direction of the
fixed layer; second, MEJ operation can rely on precessional
switching (or resonant switching), whereby by precisely
subjecting the MEJ to voltage pulses of precise widths, the
direction of magnetic polarization of the FM free layer can
be made to switch.

In many embodiments, MEJ operation 1s based on reduc-
ing the coercivity of the FM {free layer such that 1t can be
magnetized 1n a desired direction. With a reduced coercivity,
the FM 1Iree layer can be magnetized 1n any suitable way in
accordance with embodiments of the invention. For
instance, the magnetization can result from an externally
applied magnetic field, the magnetization field resulting
from the FM fixed layer, the application of a spin-transfer
torque (STT) current, the magnetization field resulting from
a FM semi-fixed layer, any combination of these mecha-
nisms, or any suitable method of magnetizing the FM {free
layer with a reduced coercivity.

By way of example and not limitation, examples of
suitable ranges for the externally applied magnetic field are
in the range of 0 to 100 Oe, with preferred embodiments
working without an externally applied field. The magnitude
of the electric field applied across the device to reduce 1ts
coercivity or bring about resonant switching can be approxi-
mately 1n the range of 0.1-2.0 V/nm, with lower electric
fields required for materials combinations that exhibit a
larger VCMA eflect. The magnitude of the STT current used
to assist the switching may be 1n the range of approximately
0.1-1.0 MA/cm?.

FIG. SA depicts how the application of a potential dif-
ference can reduce the coercivity of the free layer such that
it can be magnetized by an externally applied magnetic field
H. In the 1llustrated embodiment, 1n step 1, the FM free layer
and the FM fixed layer have a magnetic polarization that 1s
substantially 1n plane; the FM {free layer 1s magnetized 1n a
direction that 1s parallel with that of the FM fixed layer.
Further, 1n Step 1, the coercivity of the FM 1iree layer 1s such
that the FM {free layer 1s not prone to having its direction of
magnetic polarization reversed by the magnetic field H,
which 1s 1n a direction antiparallel with the polarization
direction of the FM fixed layer. However, a Voltage, V _ 1s
then applied, which results 1n step 2, where the voltage V _
has modified the magnetic anisotropy of the free layer such
that the strength of the magnetic anisotropy along an easy
axis that 1s orthogonal to the 1nitial easy axis 1s magnified.
Correspondingly, the coercivity of the FM 1free layer 1is
reduced such that 1t 1s subject to magnetization by an
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in-plane magnetic field H. Accordingly, when the potential
difference V . 1s removed, VCMA eflects are removed and
the magnetic fiecld H magnetizes the FM 1free layer 1n a
direction that 1s antiparallel with the polanization of the FM
fixed layer. Hence, as the MEJ now includes an FM fixed
layer and an FM {ree layer that have magnetic polarizations
that are antiparallel, 1t reads out a second information state
(resistance value) different from the first. Thus, 1t can be
seen that by controlling the potential difference and the
direction of an applied magnetization, an MEJ switch can be
achieved.

It should of course be understood that the direction of the
FM fixed layer’s magnetic polarization need not be in-
plane—it can be 1n any suitable direction 1n accordance with
embodiments of the invention. For instance, 1t can be
substantially out of plane. Additionally, the FM free layer
can 1nclude magnetic anisotropies that are both in-plane and
out-of-plane; indeed, in many instances, it has been
observed that the coercivity 1s most sensitive to the appli-
cation of voltage when the 1n-plane anisotropy and out-oi-
plane anisotropy are of relatively similar strengths. FIG. 5B
depicts a corresponding case relative to FIG. 5A when the
FM fixed and FM {free layers have directions of magnetic
polarization that are perpendicular to the layers of the MEJ
(out-of-plane). It 1s of course important, that an FM, mag-
netically anisotropic, free layer be able to adopt a magnetic
polarization direction that 1s either substantially parallel with
an FM fixed layer, or substantially antiparallel with an FM
fixed layer. In other words, when unburdened by a potential
difference, the easy axis of the FM iree layer should be
aligned with the direction of magnetic polarization, such that
the FM 1ree layer can adopt a direction of polarization that
1s e1ther parallel with or antiparallel with the direction of the
FM fixed layer’s polarization, to the extent that a distinct
measurable diflerence 1n the resistance of the MEJ that
results from the principles of magnetoresistance as between
the two states (1.e., parallel alignment vs. antiparallel align-
ment) can be measured, such that two distinct information
states can be defined.

Note of course that the application of an externally
applied magnetic field 1s not the only way for the MEIJ to
take advantage of reduced coercivity upon application of a
potential difference. For example, in many embodiments,
the magnetic polarization of the FM fixed layer 1s used to
magnetize the free layer when it has a reduced coercivity.
Moreover, 1n a number of embodiments, an MEJ 1s config-
ured to receive a spin-transier torque (STT) current when
application of a voltage causes a reduction 1n the coercivity
of the FM free layer. Generally, STT current 1s a spin-
polarized current that can be used to magnetize a magne-
tizable layer. Accordingly, the STT current can then mag-
netize the FM free layer, where the direction of the spin
determines the direction of magnetization. This configura-
tion 1s advantageous over conventional STT-RAM configu-
rations since the reduced coercivity of the FM {free layer
reduces the amount of current required to magnetize the FM
free layer, thereby making the device more energy eflicient.

Additionally, 1n many embodiments, the MEJ cell further
takes advantage of thermally assisted switching (TAS) prin-
ciples. Generally, 1n accordance with TAS principles, heat-
ing up the MEJ during a writing process will reduce the
magnetic field required to induce switching. Thus, for
instance, where STT 1s employed, even less current may be
required to magnetize a Iree layer, particularly where
VCMA principles have been utilized to reduce its coercivity.

Moreover, the switching of MEJs to achieve two 1nfor-
mation states can also be achieved using voltage pulses. In
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particular, 1f voltage pulses are imposed on the MEJ for a
time period that 1s one-half of the precession of the mag-

netization of the free layer, then the magnetization may
invert its polarity. Using this technique, ultrafast switching
times, e.g., below 1 ns, can be realized; moreover, using
voltage pulses as opposed to a current, makes this technique
more energetically eflicient as compared to the precessional
switching induced by STT currents, as 1s often used in
STT-RAM. However, this technique 1s subject to the appli-
cation ol a precise pulse that 1s half the length of the
precessional period of the magnetization layer. For instance,
it has been observed that pulse durations 1n the range o1 0.05
to 3 nanoseconds can reverse the magnetic polarization.
Additionally, the voltage pulse must be of suitable amplitude
to cause the desired eflect, e.g., reverse the direction of
magnetic polarization.

With these principles 1n mind, the umipolar operation of
MEIJs 1s now discussed.

Unipolar MEJ Operation

In many embodiments, the MEJ 1s configured so that a
voltage of a single polarity can allow the MEJ to adopt either
of the two specified information states. This can be achieved
using any ol a number of configurations. For example, an
STT current can be used in conjunction with an applied
magnetic field to allow an MEJ to switch information states
using voltages of a single polarity. For example, 1n some
embodiments, the MEJ 1s subject to a biasing magnetic field.
When the MEJ 1s subject to a potential difference, V,, the
coercivity of the FM {free layer 1s reduced, such that the
biasing magnetic field can magnetize the FM {free layer in
the biased direction. This aspect of the operation 1s similar
to that depicted 1n FIGS. 5A and 5B. However, when the
MEJ 1s further subject to an increased voltage V, (1.e.,
increased in magnitude), the coercivity 1s further reduced; at
this greater potential difference, current-induced eflects
become 1important. In particular, the greater voltage induces
a current that can be made to be an STT current and thereby
magnetize the free layer. The direction of polarization that
the STT current induces can be antiparallel with that of the
magnetic field. Thus, at a voltage V,, the induced STT
current plays a more prominent role 1n magnetizing the FM
free layer and does so. Ultimately, at a voltage V,, the
biasing field determines the magnetization of the free layer;
whereas, at a voltage V,, the STT current determines the
magnetization of the free layer. Accordingly, each of two
distinct information states can be established using voltages
of a single polarity.

In many embodiments, an external biasing magnetic field
1s not relied upon 1n this configuration; instead the magnetic
field imposed by the FM fixed layer 1s used to establish
direction of polarization at the lower voltage V.

In some embodiments, MEJs further include a semi-fixed
layer that has a magnetic anisotropy that can be altered by
the application of a potential difference, e.g., as depicted 1n
FIG. 4. Thus, 1n many embodiments, when a relatively low
voltage V,, 1s applied to the MEJ that includes a semi-fixed
layer, the magnitude of the voltage 1s not sufliciently strong
to noticeably impact the magnetic anisotropy of the semi-
fixed layer. Accordingly, the semi-fixed layer still impacts
the overall magnetic field. However, when a relatively
greater voltage V., that exceeds the threshold voltage
required to noticeably alter the magnetic anisotropy of the
semi-fixed layer 1s applied to the MEIJ, the effect of the
magnetic polarization of the semi-fixed layer on the overall
magnetic field 1s mitigated or reduced. Accordingly, this
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phenomenon can be exploited to achieve an MEJ that can
achieve two information states using voltages of a single

polarity. For example, 1n many embodiments, where a
relatively lower voltage, V,, 1s applied, the coercivity of the
free layer 1s reduced making 1t susceptible to magnetization,
and the semi-fixed layer plays a dominant role 1n magne-
tizing the free layer. However, when a relatively higher
voltage, V,, 1s applied, the magnetizing ability of the semi-
fixed layer 1s mitigated, and the fixed layer plays a dominant
role 1n establishing the polarization of the free layer. Of
course, as belore, an externally applied biasing magnetic
field can be implemented consistent with these principles.

Although several examples are provided for achieving
unipolar operation of an MEJ, any number of configurations
can be implemented for unipolar operation of an MEJ, 1n
accordance with embodiments of the invention. For
example, 1n a number of embodiments, a voltage of a single
polarity 1s used to reduce the coercivity of the FM free layer,
and either of two different magnetic fields, oriented either
parallel with or anti parallel with, a respective FM {fixed
layer are used to write to the MEJ and define information
states. Thus, the above-described examples for realizing
unipolar operation are meant to be illustrative and not
comprehensive.

Importantly, where voltages of a single polarity are used
to write to the MEJ, then a diode may be used as an access
device and coupled to the MEJ to form a DIOMEIJ cell. The
arrangement ol a DIOMEJ cell 1s now discussed below.

Diomey Cell

In many embodiments, a DIOMEI] cell 1s realized by
coupling a diode to a MEJ cell and using the diode as an
access device. In particular, whereas conventionally MEJ]
cells utilize transistors as access devices, using a diode can
confer many advantages. In particular, diodes can be made
to conform to a smaller form factor. Accordingly, a DIOMEJ
cell can be made to be more densely packed as compared to
a MEJ—transistor configuration. Moreover, the implemen-
tation of a diode can reduce the occurrences of sneak
currents. Diodes can be coupled to an MEJ 1n any suitable
fashion, and any suitable diode may be used. For example,
FIG. 6 depicts a DIOMEJ] that incorporates a Schottky
diode. In particular, mm the illustrated embodiment, a
DIOMEI cell, 600, includes a Schottky diode, 602, that i1s
coupled to the FM fixed layer of an MEJ 604. The metal-
semiconductor iterface junction region creates a Schottky
diode barrier that has properties of a diode, but the switching
speed 1s generally fast, such as 1n the picoseconds range, and
the forward voltage drop 1s relatively small, such as from 0.1
to 0.4 Volts. Of course, although a DIOMEI cell incorpo-
rating a Schottky diode 1s 1llustrated, any suitable diode can
be 1mplemented in a DIOMEJ cell in accordance with
embodiments of the invention. For example, a Zener diode,
an avalanche diode, and a tunnel diode, can be incorporated
in a DIOMEIJ cell 1n accordance with embodiments of the
invention.

Moreover, a “diode-type” device may be coupled to an
MEJ to form a DIOMEI cell. For example, FIG. 7 depicts a
DIOMEI cell that includes a “diode-type” device. In par-
ticular, the DIOMEJ 700 includes a diode-connected tran-
sistor 702 that 1s coupled to the FM fixed layer of an MEJ
704. The utilization of a diode-connected transistor can ofler
more flexibility. For example, when transistor 702 1s a
NMOS, 1ts width and length sizes are often adjustable to
yield a particular resistance value when 1t 1s 1n the OFF state
and a lower value when 1t 1s 1n the ON state. As a diode-
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connected NMOS 702, the gate and drain of NMOS 702 are
clectrically connected together, and the source node of

NMOS 702 i1s electrically connected 1n series to the MEJ.
Alternatively, transistor 702 1s a diode-connected PMOS
transistor, a bipolar or a JFET device, and so on. As a
diode-connected PMOS, the drain node of transistor 702 1s
clectrically connected 1n series to the MEJ.

Of course, it should be understood that it 1s not requisite
that a diode or diode-type device be connected to the FM

fixed layer of an MEJ; indeed, in many embodiments, a
DIOMEI cell includes a diode electrically coupled to a FM

free layer of an MEIJ. FIG. 8 illustrates a DIOMEI cell, 800,

where a diode 802 1s electrically coupled to the free layer of
an MEJ 804. Any suitable way of electrically coupling a
diode to an MEJ such that it can act as an access device may
be 1implemented in accordance with embodiments of the
invention.

Although not drawn to scale, FIG. 9 provides a 3D

schematic of a DIOMEI cell. In particular, the DIOMEIJ cell
900 includes a diode 902 1 electrical communication with
an MEJ 904. Interconnect contacts between diode 902 and
MEJ 904 are not shown and 1n some embodiments there is
no interconnect, stub, via, contact, wire or electrode, alto-
gether, 1 a layer of the MEJ 904 serves dual purposes, for
both electrical interconnection and for performing 1its
expected magnetizing abilities. In the illustrated embodi-
ment, diode 902 and MEJ 904 are both generally cylindrical
and may share the same central axis 906. The dimensions of
the configuration can vary. For example, in many embodi-
ments, the overall vertical dimension 1s in the range of 20
nm-100 nm for the diode 902, and 20 nm-70 nm for MFEJ
904. In a number of embodiments, the diameter for diode

902 1s typically 1n the range of 10 nm-1350 nm and for MEJ]
904 1s 10 nm-180 nm. In an embodiment where it is
desirable to increase the OFF state resistance of the diode,
its diameter should be reduced and/or 1ts vertical length
should be 1ncreased. Also, when a DIOMEJ cell 900 1s part
of an array of DIOMEI cells, the center-to-center spacing
between adjacent DIOMEI cells 900 are typically on the
order of 20 nm to 2000 nm, and are determined by the
desired array density and layout rules for the given manu-
facturing technology. Moreover, in many embodiments,
there 1s insulating material such as oxide or nitride between
adjacent DIOMEJ cells 900. Although specific dimensions
have been recited, 1t should of course be realized that
DIOMEI cells can be implemented 1n a variety of dimen-
sions 1n accordance with embodiments of the invention, and
the dimensions are not limited to the recitations.

Although FIG. 9 depicts a generally cylindrical or pillar-
shaped (or nanopillars) DIOMEI cell 900, other geometries
are possible, depending on the application, on the packing
density of the DIOMEI cell, or on the manufacturing tool
capability available. For example, FIG. 10 depicts a circular
top view of the DIOMEI] cell 1000, or a bottom view if the
diode 1002 were fabricated before the MEJ 1004. In FIG.
10, the diameter of diode 1002 1s smaller than that of MEJ
1004, but alternatively to avoid etch eflects, 1n other embodi-
ments the diameter of the diode 1002 1s made comparable to
that of MEJ 1004 so that the two cross sectional areas may
coincide, or the diode 1002 may be larger.

Moreover, although the cross sectional area of either the
diode 1002 or MEJ 1004 1s depicted as being substantially
circular, other shapes are possible or even desirable based on
the circumstances. For example, for in-plane oriented spin
operation of an MEJ, an oval or elliptical cross sectional area
as shown in FIG. 11A 1s often more optimal for the MEJ
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1104. The ratio of the long diameter to the short diameter 1s
typically in the range of 3.5 to 1.5; but of course, it can be

in any suitable range.

In another embodiment, the cross-sectional areas of both
devices are rectangular or substantially square, or with the
corners beveled or rounded so that the cross sectional area
1s hexagonal or octagonal as shown i FIG. 11B. The
illustrated embodiment depicts a DIOMEI] cell 1130 includ-
ing an MEJ 1134 and a diode 1132 that are both hexagonal
in shape. Note that beveled or rounded cormers may reduce
charge congregation, micromagnetic texture, and large local
clectromagnetic fields. Cross-sectional geometries need not
coincide. For example, FIG. 11C depicts a DIOMEIJ cell that
implements two different cross sections. In particular, the
DIOMEJ cell 1160 1includes an MEJ 1164 and a diode 1162
that have differing cross sections; specifically, the MEJ 1164
has a hexagonal cross section, while the diode 1162 has a
circular cross-section. Note that the geometries can be
optimized in consideration of the crystalline structure of the
constituent materials. Moreover, the sizes and geometries of
MEJ and diode are also further tunable to provide a desired
performance property such as resistivity.

Diomej Cell Applications

Because of their form-factor and their energy efliciency,
DIOMEI cells are particularly versatile and can be imple-
mented 1 a host of applications. For example, DIOME]
cells can be used as simple switches, incorporated 1n logic
circuits, and used as a fundamental element i1n MeRAM
configurations.

FI1G. 12 1llustrates how DIOMEJ cells can be incorporated
in a MeRAM configuration that employs a cross-bar archi-
tecture. In particular, the MeRAM crossbar array 1200
includes DIOMEIJ cells 1201 that each have an MEJ 1204
and a diode 1202 1n electrical communication. The 1llustra-
tion shows a three by three array of DIOMEI cells 1201, but
of course 1t should be understood that an array of DIOMEJ
cells of any size can be implemented in accordance with
embodiments of the mnvention. In the illustrated embodi-
ment, the anode of the diode 1202 1s electrically coupled to
one of an array of bit lines 1250, while the MEJ 1204 1s
clectrically coupled to one of an array of source lines 1275.
Although it should be understood that the MEJ 1204 can be
coupled to an array of bit lines, while the anode of the diode
can be coupled to one of an array of source lines. Of course,
it 1s understood that the MEIJs 1204 are configured for
unipolar operation such that the DIOMEJ cells 1201 can
function. Accordingly, new bits of information are written to
an MEJ 1201 (i.e., information states are established 1n the
MEJ), where a potential difference 1s established across a
respective bit line in the array of bit lines 1250 and a
respective source line 1n the array of source lines 1275. In
this configuration, the diode 1202 acts as an access device.
The use of diodes as access devices 1s advantageous 1nsofar
as they can prevent parasitic paths that may be present in a
MeRAM configuration, and can relatedly improve reading
of the DIOMEI cells since the on/ofl resistance ratio will be
improved. Note also, that the incorporation of diodes,
instead of transistors, can allow DIOMEJ cells to be more
densely packed, and thereby result in MeRAM with greater
capacity.

FIG. 13 depicts a stacked MeRAM configuration. In
particular, the MeRAM configuration 1300 includes a sub-
strate 1302, a layer of circuitry deposited on the substrate
1304, and layers of arrays of DIOMEIJ cells configured to
operate as memory deposited thereon 1306. The substrate
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layer 1302 simply functions as a structural base layer. The
circuitry 1304 can be any circuitry suitable for implemen-
tattion 1 a MeRAM configuration, and can include for
instance: transistors, address circuits, decode circuits, read
and write circuits, logic gates, and sense amplifier circuits to
control and operate the cross-bar stacked memory array
1300. The ability to layer arrays of DIOMEI cells 1s greatly
tacilitated by the DIOMEI cells form-factor, and the layer-
ing can allow for a densely packed memory configuration.

Moreover, in many embodiments, MeRAM configura-
tions exploit redundant memory bits that are used to record
parity and to enable missing data to be reconstructed by an
error-correcting code (ECC). Parity allows the detection of
single-bit errors. One common error-correcting code, a
SECDED Hamming code, allows a single-bit error to be
corrected and, in the usual configuration, with an extra parity
bit, double-bit errors to be detected. As DIOME]J cells can be
arranged relatively densely 1n a MeRAM configuration, the
desire to incorporate redundant bits 1s not as burdensome 1n
these configurations.

Diomej cells can also be incorporated 1n field program-
mable gate arrays (FP(GAs) in accordance with embodiments
of the invention. For example, DIOMEIJ cells can be imple-
mented 1n a hybrid FPGA that includes configurable logic
blocks and embedded memory, along with other possible
functions such as a DSP, tloating point units, etc. FIG. 14
illustrates a hybrid FPGA that includes DIOMEL] cells that
can be implemented 1n accordance with embodiments of the
invention. In particular, the FPGA 1400 includes configu-
rable logic blocks 1402, and DIOMEI cells that are config-
ured to act as memory 1404 (e.g., MeRAM configurations,
as described above). The logic blocks 1402 can include look
up tables that include memory made from the DIOME]
cross-bar memory arrays or stacked DIOMEJ memory
arrays 1404. The embedded memory 1404 1s placed and
routed together and formed in the center, with the configu-
rable logic blocks 1402 located on the periphery of the
embedded memory, 1404. This configuration eases intercon-
nection (electrical wiring or traces) routing between an
embedded memory block 1404, and an associated logic
block, 1402. Alternatively, to make the capacitive and resis-
tive load of the electric wiring/traces more uniform between
cach pair of embedded memory block 1404 and associated
logic block 1402, the embedded memory blocks 1404 and
logic blocks 1402 are interleaved and placed in a checker-
board or 1sland pattern.

Upon startup, the FPGA 1400 1s programmed so that 1ts
logic blocks 1402 have the needed logic gates to perform
certain functions. To ensure security, 1stead ol program-
ming an FPGA from an external source where a bit stream
might be momitored and captured by an enemy or competitor
or thief, 11 the embedded memory 1404 1s compact and dense
enough, multiple bit stream instructions may be stored, one
on each embedded memory unit. Then, upon startup 1t would
only be necessary to transmit one code to select an appro-
priate algorithm that 1s stored in a particular embedded
memory unit to program the FPGA 1400 to perform a
particular function. Moreover, the FPGA configuration (1.¢.,
the configuration in the logic blocks 1402) can be readily
changed on the fly, while a mission 1s 1n transit or 1n
operation, 11 all the possible algorithms of programming the
FPGA 1400 are stored in the embedded memory 1404. This
type of application benefits from the non-volatile nature of
the DIOMEJ cross-bar memory arrays or stacked arrays.
Due to 1ts highly flexible properties, the hybrid FPGA can be
used 1n products for security, communications, data process-
ing, industrial plants and manufacturing, military and aero-
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space, consumer electronics and the entertainment industry,
and automotive. Specific products include mobile phones,
tablets, computers, digital cameras, digital audio players,
synthesizers, video games, scientific instrumentation, indus-
trial robotics, medical electronics, smart weapons, laser-
radars, un-manned air vehicles and so on.

Fabrication

The foregoing discussion highlighted the power efli-
ciency, speed, and non-volatility of DIOMEI] cells and
MEJs. These components are further advantageous insofar
as they possess favorable manufacturing characteristics. For
instance their manufacture can result 1n a high yield, their
manufacture 1s scalable, and the components are relatively
durable (e.g., they don’t have intricate geometries) and can
be subject to more rigorous manufacturing processes. Their
manufacture can be made to be versatile as well. For
instance, the manufacture of DIOMEJ cells and MEJs can be
adapted for the front end or the back end of the semicon-
ductor line process. For example, a Schottky diode can be
formed 1n the front end of the semiconductor process line’s
doped semiconductor and metal layers. Fabricating a diode
at the front end entails doping the semiconductor crystal by
ion 1mplantation, diffusion of dopants, or by epitaxy growth
so that there are p-doped and n-doped semiconductors to
form a p-n junction. This 1s especially the case in bipolar,
BCD, Bi-CMOS, or Bi1-Com (complementary Bi-CMOS)
technology. Subsequently, an MEJ can be formed on the
back end of the line process. Of course metal and via layers
can interconnect the components in a suitable fashion, and
the development of these interconnects can occur at any
suitable point during the fabrication process.

In many embodiments, entire DIOMEJ cells, and even
arrays ol DIOMEI cells, are formed 1n the back end of a
semiconductor process line; thus, the diode 1s also fabricated
in the back end.

An exemplary backend method for forming the integrated
DIOMEI cells 1s illustrated 1in FI1G. 15 through FI1G. 21. FIG.
15 depicts a DIOME] cell 1500 on a silicon or silicon
dioxide substrate 1508 or other wafer material. Although
layer 1508 1s labeled ““substrate,” unless the DIOME] cells
1500 are made as standalone objects on a bare wafer, there
can be transistors, devices, and circuits at that layer 1508,
although they are not illustrated. The memory MEJ 1500
includes a fixed ferromagnetic, free ferromagnetic, dielec-
tric, and can 1nclude other layers. For example, the layers of
the MEJ, 1500, can include Co, Fe, CoFeB, and MgO. In one
example, the free layer comprises Co,,Fe.,B,,; the dielec-
tric barrier layer comprises MgQO); and the fixed layer com-
prises several layers Co, Fe,  B,,, Ru, Co,.Fe,,, and PtMn.
The diode 1502 includes two semiconductor layers, or
semiconductor and a metal layer depending on whether 1t 1s
a P-N junction or a Schottky diode, respectively. For
example, the diode 1502 matenals include doped silicon,
polysilicon, or amorphous silicon. There 1s an optional metal

layer 1506 1n between the diode 1502 and MEJ 1504, which
together form a DIOMEL] cell 1500. Bottom electrode 1510
and top electrode 1512 allow electrical connection to the
DIOMEI cell 1500. For example the electrodes 1508 and
1512 connect to the rest of the crossbar metallization. The
clectrodes 1510 and 1512 are likely to be upper level metals
because this 1s a back end of the process example of the
method of forming the DIOMED cells 1500. The metals
include aluminum, copper, tungsten, hainium, tantalum,
thalllum, ruthenium, or alloys of these metals, or other
materials.
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In many embodiments, an MEJ 1s prepared by depositing,
continuous multiple layers of films of different material
(e.g., CoFeB, MgO, PtMn, IrMn, synthetic anti-ferromag-
netic material). For example, the films for the fixed ferro-
magnetic layers and free ferromagnetic layers are deposited
by a physical vapor deposition (PVD) system and subse-
quently annealed 1n an in-plane or out-of-plane magnetic
field, or without a magnetic field, above 200° C. Annealing
may take place under vacuum conditions to avoid oxidation
of the material stack. As further example, metallic films are
deposited by DC frequency sputtering while the dielectric
tunnel layer 1s deposited by radio-frequency sputtering from
a ceramic MgO target, or by dc sputtering of Mg and
subsequent oxidation, or by a combination of both. The
sputtering 1s performed by magnetron sputter deposition
uniformly on a surface that 1s held at approximately ambient
temperatures. The surfaces of these various layers may be
planarized aiter each layer 1s formed, and the planarization
techniques 1nclude chemical-mechanical polishing. The
thickness of each layer 1s i the range of about 0.1 nm to
about 10 nm, and 1s designed to achieve certain concentra-
tions of spins or magnetization, resistivity, voltage ranges to
flip the spin, and various other electrical performance
parameters. For example, the dielectric tunnel layer 1s
designed to be thick enough to make the current-induced
spin-transier torque small. The switching speeds in MEJs are
adjusted based on their design and composition. As to the
shape of the MEJ devices, depending on the material, the
in-plane configuration tends to perform better 11 the flat end
surface were elliptical, oblong, rectangular, etc., so that the
geometry 1s elongated 1n one direction (length 1s greater than
the width). Otherwise, most of the MEJ devices have a more
circular geometry on their ends, forming a nanopillar or
column for the overall device. Typical lateral dimensions are
smaller than 150 nm on each side, and may be scaled down
to as small as approximately 3 nm by engineering the
material structures to allow for stable memory operation at
those dimensions.

In many embodiments, the diode 1s deposited after the
MEJ material stack deposition, using a chemical vapor
deposition (CVD), physical vapor deposition (PVD), or any
combination of these techniques, followed by etching into
the DIOMEI] cell. Alternatively, the diode 1s deposited
before the MEJ material stack deposition. These embodi-
ments are different from when the diode 1s fabricated on the
front end and 1s then incorporated as a separate device at a
separate processing or deposition stage. Furthermore, 1n
several embodiments, the MEJ 1n combination with diodes
are also possible 1 unipolar write voltages are used for
tlipping the spin in either direction, regardless of whether 1t
has an out-of-plane or in-plane spin orientation.

In many embodiments, a manufacturing process tlow for
fabricating an entire array of DIOMEI cells, for example for
use i an MRAM configuration, 1s implemented. FIG. 16
illustrates an exemplary stage 1n the manufacturing process
flow for an entire array of DIOMEI cells. After the appro-
priate materials for the layers of the DIOMEIJ cells 1600 and
the electrodes 1610 and 1612 are formed, a hard mask layer
1614 1s deposited above the top electrode layer 1612. FIG.
17 depicts the results after the individual DIOMEJ] cells
1600 are defined by photolithography or other patterning
techniques, and then etched out (e.g., reactive 1on etch
“RIE”) and cleaned. FIG. 18 illustrates the deposition of a
spacer layer 1616 made of an insulator or dielectric material.
Photoresist 1618 or other light-sensitive material 1s applied.
Then photolithography or other patterning defines the bot-
tom end electrode 1610. Etching techniques, such as RIE,
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expose the bottom end electrodes 1610, as 1llustrated 1n FIG.
19. FIG. 19 also depicts the deposition of oxide or nitride
1620 that may later be polished. FIG. 20 illustrates the
opening of the oxide or nitride 1620 to form a top electrode
1622 (shown in FIG. 21) and possibly for bottom elec-
trodes), followed by photolithography and via etch. In FIG.
21, the via opening i1s filled so that there 1s top electrode
1622 deposition, followed by photolithography and etching.
These top electrodes 1622 allow connections between
DIOMEIJ cells 1600 to form the entire memory array or to
connect to other circuits.

Thus, the crossbar array may be realized as a back end
process (1.e., within the metallization layers) of a standard or
custom CMOS (or other transistor or semiconductor) pro-
cess, and can thus be placed on top of the memory’s
peripheral and read/write circuitry. Multiple crossbar arrays
can be stacked 1n the back end processing, to achieve a larger
number of bits per area. Alternatively, upper levels of the
stacked crossbar arrays comprise memory arrays fabricated
on bare waters to produce dies. Then the dice are stacked on
top of one another and interconnected to the rest of the
circuits.

Generally, 1n many embodiments of the invention,
DIOMEUI cells are fabricated by sequentially depositing their
constituent layers onto a substrate. Thus, for instance 1n
some embodiments, a DIOMEI] cell 1s fabricated by first
depositing layers of an MEJ on a substrate, and subsequently
depositing layers that constitute the diode. FIG. 22 1llustrates
a process for fabricating a DIOME] cell that includes an
MEJ that has a free layer, a fixed layer, and a dielectric layer
by first depositing the layers of MEJ and then depositing the
layers that constitute the diode. Generally, an electrode 1s
deposited 2202 on a substrate, and the electrode 1s then
developed so that 1t possesses the desired properties. Any
suitable methods of treatment can be used to develop the
clectrode, e.g., annealing, polishing, or any of the above
mentioned treatments. A free layer of an MEJ 1s deposited
2204 on to the developed electrode; it may also be developed
so that 1t has the desired properties using any suitable
technique. A dielectric layer 1s deposited 2206 onto the
developed free layer; 1t may also be developed so that 1t has
the desired properties using any suitable technique. A fixed
layer 1s deposited 2208 onto the developed dielectric layer;
it may also be developed so that 1t has the desired properties
using any suitable technique. A first diode layer 1s deposited
2210 onto the developed fixed layer; 1t may also be devel-
oped so that i1t has the desired properties using any suitable
technique. A second diode layer 1s deposited 2212 onto the
developed first diode layer; 1t may also be developed so that
it has the desired properties using any suitable technique. An
clectrode layer 1s deposited 2214 onto the developed first
diode layer; 1t may also be developed so that it has the
desired properties using any suitable technique.

Alternatively, some of the development steps may be
combined or skipped as needed during the fabrication pro-
cess. For example, 11 development of the layers involves
high-temperature annealing, this may be done all at once
alter deposition of the entire stack, so that it aflects the
properties of all layers, or alternatively, after deposition of
the MEJ free, fixed and dielectric layers, but before depo-
sition of the diode layers, such as to only aflect the properties
of the MEJ layers. Of course, the illustrated process for
manufacturing a DIOMEI cell 1s meant to be illustrative. It
1s of course to be understood that many variations of this
process can be implemented in accordance with embodi-
ments of the invention. For instance, in many embodiments,
the diode 1s electrically coupled to the free layer as opposed
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to the fixed layer. In some embodiments, a layer of metal 1s
installed 1n between the MEJ and the diode. In a number of
embodiments, the fixed and free layers include capping or
seed materials. Thus many vanations of the process of
manufacturing DIOMEI] cells can be implemented 1n accor-
dance with embodiments of the invention.

Finally, the orientation and directions stated and 1llus-
trated 1n this application should not be taken as limiting. For
example, the directions, e.g., “top,” are merely illustrative
and do not orient the embodiments absolutely. That 1s, a
structure formed on 1ts “side” or “bottom” 1s merely an
arbitrary orientation in space that has no absolute direction.
Also, 1n actual usage, for example, a circuit may well be on
its “side” because circuit boards may be oriented 1n any
direction; and then, “top” 1s pointing to the *“side.” Thus, the
stated directions 1n this application are arbitrary designa-
tions.

While certain features of the implementations have been
illustrated and described herein, modifications, substitu-
tions, changes and equivalents will occur to those skilled in
the art. It 1s, theretore, to be understood that the claims are
intended to cover all such modifications and changes that
fall within the scope of the embodiments. It should be
understood that they have been presented by way of example
only, not limitation, and various changes 1n form and details
may be made. Any portion of the apparatus and/or methods
described herein may be combined 1n any combination,
except mutually exclusive combinations.

The embodiments described herein can include various
combinations and/or sub-combinations of the functions,
components and/or features of the diflerent embodiments
described. For example, other types of voltage-controlled
magnetic junction devices may be substituted for the voltage
controlled MET’s depicted and described herein. It 1s to be
understood that the magnetoelectric elements and arrays can
be utilized 1n different embodiments and applications that
may require tweaking to fit a particular situation and set of
clectronics. For 1nstance, although the exemplary MEJs are
described as having a fixed and free layer, 1t 1s also possible
to use a “three” layer embodiment, where there are fixed,
free and semi-fixed layers. Such a different MEJ would also
be accompanied by a different range of voltages 1n order to
perform the read and write operations. In addition, although
the description referred most often to a MOS semiconductor
process, other processes are possible. For example, in the
automotive ndustry, a unified bipolar, CMOS and high
voltage DMOS/LDMOS process 1s common and can 1ncor-
porate the systems, devices and procedures described above.
Bipolar, Bi-CMOS or Bi-Com, BCD, MEMS, semi-Optical,
RF, mixed-signal and other processes are all possible.

From the description herein, 1t will be appreciated that
that the present disclosure encompasses multiple embodi-
ments which include, but are not limited to, the following:

1. A DIOME] cell apparatus comprising: a non-linear
resistor; and a magnetoelectric junction, comprising: a fer-
romagnetic fixed layer magnetically polarized in a first
direction; a ferromagnetic free layer with an easy magnetic
axis that 1s substantially aligned with the first direction, such
that the ferromagnetic free layer can adopt a magnetic
polarity that 1s erther parallel with or anti-parallel with the
first direction; and a non-magnetic layer interposed between
the ferromagnetic fixed layer and ferromagnetic free layer;
wherein the coercivity of the ferromagnetic, magnetically
anisotropic, free layer 1s reduced when a potential difference
1s applied across the magnetoelectric junction; and wherein
the non-linear resistor and the magnetoelectric junction are
arranged 1n series.
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2. The apparatus as recited 1n any previous embodiment,
wherein the non-linear resistor 1s a diode selected from the
group consisting of a Schottky diode, a Zener diode, an
avalanche diode, and a tunnel diode.

3. The apparatus as recited 1n any previous embodiment,
wherein the ferromagnetic fixed layer 1s one or more layers
of a maternial selected from the group of materials consisting

of: 1ron, nickel, manganese, cobalt, palladium, platinum,
boron, rhodium, FeCoB, FeGaB, FePd, FePt, CoPt, CoPd,

and FeRh.

4. The apparatus as recited 1n any previous embodiment,
wherein the ferromagnetic free layer 1s one or more layers of
maternal selected from the group of materials consisting of:
iron, nickel, manganese, cobalt, palladium, platinum, boron,
rhodium, FeCoB, FeGaB, FePd, FePt, CoPt, CoPd, and
FeRh.

5. The apparatus as recited in any previous embodiment,
wherein the non-magnetic layer comprises at least one layer
ol a dielectric material.

6. The apparatus as recited in any previous embodiment,
wherein each dielectric layer 1s a material selected from the
group of maternials consisting of: MgO, Al,O,, HIO_, and
1a0 .

7. The apparatus as recited 1n any previous embodiment,
turther comprising a seed layer of a material with large
spin-orbit coupling attached to the ferromagnetic iree layer.

8. The apparatus as recited in any previous embodiment,
wherein the seed layer comprises a material selected from
the group of materials consisting of: Tantalum, Hainium,
Molybdenum, Tungsten, Indium, Magnesium, Chromium,
and Ruthenium.

9. The apparatus as recited in any previous embodiment,
wherein the seed layer comprises two or more layers of a
material selected from the group of maternals consisting of:
Tantalum, Haifnium, Molybdenum, Tungsten, Chromium,
and Ruthenium.

10. The apparatus as recited 1n any previous embodiment,
wherein the seed layer comprises one or more topological
insulating materials selected from the group of materials
consisting of: Bi, Se, Sb, and Te.

11. The apparatus as recited 1n any previous embodiment,
turther comprising a second ferromagnetic fixed layer with
its magnetization substantially perpendicular to that of the
first ferromagnetic fixed layer and ferromagnetic iree layer.

12. The apparatus as recited 1n any previous embodiment,
wherein the second ferromagnetic fixed layer comprises a
high-moment magnetic material.

13. The apparatus as recited 1n any previous embodiment,
wherein the high-moment magnetic material comprises at
least one element selected from the group of elements
consisting of: Fe, N, Zr, Hi, Ta, Ti, Co, Pt, Pd and B.

14. The apparatus as recited 1n any previous embodiment,
wherein the second ferromagnetic fixed layer comprises a
hard magnetic material.

15. The apparatus as recited 1n any previous embodiment,
where the hard magnetic material comprises at least one
clement selected from the group of elements consisting of:
Fe, Nd, Co, and B.

16. The apparatus as recited 1n any previous embodiment,
wherein the second ferromagnetic fixed layer comprises an
exchange-biased magnetic material.

17. The apparatus as recited 1n any previous embodiment,
where the exchange-biased magnetic material comprises at
least one element selected from the group of elements
consisting of: Fe, Co, and B disposed 1n close proximity to
an anti-ferromagnetic material selected from the group of

PtMn and IrMn.
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18. The apparatus as recited in any previous embodiment,
the magnetoelectric junction further comprising: a second
fixed layer; and at least one second dielectric layer inter-
posed between the ferromagnetic free layer and the second
fixed layer; wherein the second fixed layer has a direction of
magnetic polarization that is perpendicular to the direction
of magnetic polarization of the first ferromagnetic fixed
layer.

19. A magneto-electric random access memory apparatus,
comprising: (a) a plurality of source lines; (b) a plurality of
bit lines; and (c¢) an array of DIOMEI] cells electrically
coupled to at least one source line and at least one bit line,
cach DIOMEJ cell comprising: (1) a non-linear resistor; (11)
a ferromagnetic fixed layer magnetically polarized 1n a first
direction; (111) a ferromagnetic free layer with an easy
magnetic axis that 1s substantially aligned with the first
direction, such that the ferromagnetic free layer can adopt a
magnetic polarity that 1s either parallel with or antiparallel
with the first direction; and (1v) a non-magnetic layer
interposed between the ferromagnetic fixed layer and a
ferromagnetic free layer; wherein the coercivity of the
ferromagnetic, magnetically anisotropic, Iree layer 1is
reduced when a potential difference 1s applied across the
magnetoelectric junction; wherein the non-linear resistor
and the magnetoelectric junction are arranged in series;
wherein each DIOMEJ cell 1s electrically connected to a
unique combination of a source line and a bit line, such that
no other DIOMEI cell 1s connected to the same bit line and
the same source line; and wherein the source line and the bit
line can be used to establish a potential difference across a
particular DIOMEI cell.

20. The apparatus as recited in any previous embodiment,
wherein for at least one DIOMEJ cell 1n the array, the first
direction coincides with an in-plane direction.

21. The apparatus as recited in any previous embodiment,
wherein for at least one DIOMEI cell 1n the array, the first
direction coincides with an out-of-plane direction.

22. The apparatus as recited in any previous embodiment,
wherein the application of a threshold potential difference
across the ferromagnetic fixed layer and the ferromagnetic
free layer reduces the coercivity of the ferromagnetic free
layer to an extent where the strength of a magnetic field
imposed by a current through an adjacent source line or bit
line of an adjacent cell 1s suflicient to switch the direction of
magnetic polarization of the ferromagnetic free layer.

23. The apparatus as recited in any previous embodiment,
wherein for at least one DIOMEI] cell 1 the array, the
application of a threshold potential difference across the
terromagnetic fixed layer and the ferromagnetic iree layer
reduces the coercivity of the ferromagnetic free layer to an
extent that the strength of current-induced spin torque
imposed by an electric current through a metal source line or
bit line that 1s connected to the ferromagnetic free layer 1s
suilicient to switch the direction of magnetic polarization of
the ferromagnetic free layer.

24. The apparatus as recited in any previous embodiment,
wherein for at least one DIOME] cell in the array, the
coercivity of the ferromagnetic free layer 1s reduced when a
potential difference 1s applied across the magnetoelectric
junction.

25. The apparatus as recited in any previous embodiment,
wherein for at least one DIOMEIJ cell, the direction of
magnetic polarization of the magnetoelectric junction 1s
inverted by the application of a potential difference pulse
that has a duration that coincides with half of the preces-
sional period of the ferromagnetic free layer, or an odd
multiple thereof.
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26. The apparatus as recited 1n any previous embodiment,
wherein the non-linear resistor 1s a diode selected from the
group consisting of: a semiconductor p-n junction, a
Schottky metal-semiconductor connection, a metal-insula-
tor-metal nonlinear resistor, a Zener diode, an avalanche
diode, and a tunnel diode.

2'7. The apparatus as recited 1n any previous embodiment,
the magnetoelectric junction of each cell further comprising;:
a semi-fixed layer; and a second dielectric layer interposed
between the ferromagnetic free layer and the semi-fixed
layer; wherein the semi-fixed layer has a direction of mag-
netic polarization that 1s anti-parallel with the direction of
magnetic polarization of the ferromagnetic fixed layer.

28. The apparatus as recited 1n any previous embodiment,
the magnetoelectric junction of each cell further comprising;:
a second ferromagnetic fixed layer with 1ts magnetization
substantially perpendicular to that of the first ferromagnetic
fixed layer and ferromagnetic free layer.

Although the description herein contains many details,
these should not be construed as limiting the scope of the
disclosure but as merely providing illustrations of some of
the presently preferred embodiments. Therefore, 1t will be
appreciated that the scope of the disclosure fully encom-
passes other embodiments which may become obvious to
those skilled 1n the art.

In the claims, reference to an element 1n the singular 1s not
intended to mean “one and only one” unless explicitly so
stated, but rather “one or more.” All structural, chemaical,
and functional equivalents to the elements of the disclosed
embodiments that are known to those of ordinary skill 1n the
art are expressly incorporated herein by reference and are
intended to be encompassed by the present claims. Further-
more, no element, component, or method step 1n the present
disclosure 1s intended to be dedicated to the public regard-
less of whether the element, component, or method step 1s
explicitly recited in the claims. No claim element herein 1s
to be construed as a “means plus function” element unless
the element 1s expressly recited using the phrase “means
for”. No claim element herein 1s to be construed as a *““step
plus function” element unless the element 1s expressly
recited using the phrase “step for”.

What 1s claimed 1s:

1. A DIOMEI cell apparatus comprising;:

a non-linear resistor; and

a magnetoelectric junction, comprising:

a ferromagnetic fixed layer magnetically polarized 1n a
first direction;

a ferromagnetic free layer with an easy magnetic axis
that 1s substantially aligned with the first direction,
such that the ferromagnetic free layer can adopt a
magnetic polarity that i1s eirther parallel with or
anti-parallel with the first direction; and

a non-magnetic layer interposed between said ferro-
magnetic fixed layer and ferromagnetic free layer;

wherein the coercivity of the ferromagnetic, magneti-
cally anisotropic, iree layer 1s reduced when a poten-
tial difference 1s applied across the magnetoelectric
junction; and

wherein the non-linear resistor and the magnetoelectric
junction are arranged 1n series.

2. The apparatus as recited 1n claim 1, wherein said
non-linear resistor 1s a diode selected from the group con-
sisting of a Schottky diode, a Zener diode, an avalanche
diode, and a tunnel diode.

3. The apparatus as recited in claim 1, wherein the
terromagnetic fixed layer 1s one or more layers of a material
selected from the group of materials consisting of: iron,
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nickel, manganese, cobalt, palladium, platinum, boron, rho-
dium, FeCoB, FeGaB, FePd, FePt, CoPt, CoPd, and FeRh.
4. The apparatus as recited in claam 1, wherein the
ferromagnetic iree layer 1s one or more layers of material
selected from the group of materials consisting of: iron,
nickel, manganese, cobalt, palladium, platinum, boron, rho-
dium, FeCoB, FeGaB, FePd, FePt, CoPt, CoPd, and FeRh.
5. The apparatus as recited in claam 1, wherein the
non-magnetic layer comprises at least one layer of a dielec-
tric material.
6. The apparatus as recited in claim 1, wherein each
dielectric layer 1s a material selected from the group of
materials consisting of: MgO, Al,O;, HIO_, and TaO,.
7. The apparatus as recited in claim 1, further comprising
a seed layer of a material with large spin-orbit coupling
attached to the ferromagnetic free layer.
8. The apparatus as recited 1n claim 7, wherein the seed
layer comprises a material selected from the group of
materials consisting of: Tantalum, Hatnium, Molybdenum,
Tungsten, Iridium, Magnesium, Chromium, and Ruthenium.
9. The apparatus as recited 1n claim 7, wherein the seed
layer comprises two or more layers ol a material selected
from the group of materials consisting of: Tantalum, Hat-
nium, Molybdenum, Tungsten, Iridium, Magnesium, Chro-
mium, and Ruthenium.
10. The apparatus as recited 1n claim 7, wherein the seed
layer comprises one or more topological insulating materials
selected from the group of materials consisting of: Bi, Se,
Sh, and Te.
11. The apparatus as recited 1n claim 1, further comprising
a second ferromagnetic fixed layer with its magnetization
substantially perpendicular to that of the first ferromagnetic
fixed layer and ferromagnetic free layer.
12. The apparatus as recited i claim 11, wherein said
second ferromagnetic fixed layer comprises a high-moment
magnetic material.
13. The apparatus as recited in claim 12, wherein said
high-moment magnetic material comprises at least one ele-
ment selected from the group of elements consisting of: Fe,
N, Zr, Hi, Ta, T1, Co, Pt, Pd and B.
14. The apparatus as recited i claim 11, wherein said
second ferromagnetic fixed layer comprises a hard magnetic
material.
15. The apparatus as recited 1n claim 14, where said hard
magnetic material comprises at least one element selected
from the group of elements consisting of: Fe, Nd, Co, and B.
16. The apparatus as recited i claim 11, wherein said
second ferromagnetic fixed layer comprises an exchange-
biased magnetic material.
17. The apparatus as recited in claim 16, where said
exchange-biased magnetic material comprises at least one
clement selected from the group of elements consisting of:
Fe, Co, and B disposed in close proximity to an anti-
ferromagnetic material selected from the group of PtMn and
IrMn.
18. The apparatus as recited 1n claim 1, said magneto-
clectric junction further comprising:
a second fixed layer; and
at least one second dielectric layer interposed between the
ferromagnetic free layer and the second fixed layer;

wherein the second fixed layer has a direction of magnetic
polarization that i1s perpendicular to the direction of
magnetic polarization of the first ferromagnetic fixed
layer.

19. A magneto-electric random access memory apparatus,
comprising;

(a) a plurality of source lines;
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(b) a plurality of bit lines; and

(c) an array of DIOMEI cells electrically coupled to at

least one source line and at least one bit line, each

DIOMEI cell comprising:

(1) a non-linear resistor;

(1) a ferromagnetic fixed layer magnetically polarized
in a first direction;

(111) a ferromagnetic free layer with an easy magnetic
axis that 1s substantially aligned waith the first direc-
tion, such that the ferromagnetic free layer can adopt
a magnetic polarity that i1s either parallel with or
antiparallel with the first direction; and

(1v) a non-magnetic layer interposed between said
ferromagnetic fixed layer and a ferromagnetic free
layer;

wherein the coercivity of the ferromagnetic, magnetically

anisotropic, Iree layer 1s reduced when a potential

difference 1s applied across the magnetoelectric junc-
tion;

wherein the non-linear resistor and the magnetoelectric

junction are arranged 1n series;

wherein each DIOMEJ cell 1s electrically connected to a

unmique combination of a source line and a bit line, such

that no other DIOMEI cell 1s connected to the same bit
line and the same source line; and

wherein the source line and the bit line can be used to

establish a potential difference across a particular

DIOME] cell.

20. The apparatus as recited 1n claim 19, wherein for at
least one DIOMEJ cell in the array, the first direction
comncides with an in-plane direction.

21. The apparatus as recited 1n claim 19, wherein for at
least one DIOMEJ cell in the array, the first direction
comncides with an out-of-plane direction.

22. The apparatus as recited 1n claim 19, wherein the
application of a threshold potential difference across the
terromagnetic fixed layer and the ferromagnetic free layer
reduces the coercivity of the ferromagnetic free layer to an
extent where the strength of a magnetic field imposed by a
current through an adjacent source line or bit line of an
adjacent cell 1s suthicient to switch the direction of magnetic
polarization of the ferromagnetic free layer.
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23. The apparatus as recited 1n claim 19, wherein for at
least one DIOMEIJ cell 1n the array, the application of a
threshold potential diflerence across the ferromagnetic fixed
layer and the ferromagnetic free layer reduces the coercivity
of the ferromagnetic free layer to an extent that the strength
ol current-induced spin torque 1mposed by an electric cur-
rent through a metal source line or bit line that 1s connected
to the ferromagnetic free layer 1s suflicient to switch the
direction of magnetic polarization of the ferromagnetic free
layer.

24. The apparatus as recited 1n claim 19, wherein for at
least one DIOMEJ cell 1n the array, the coercivity of the
ferromagnetic free layer 1s reduced when a potential difler-
ence 1s applied across the magnetoelectric junction.

25. The apparatus as recited 1n claim 19, wherein for at
least one DIOMEJ cell, the direction of magnetic polariza-
tion of the magnetoelectric junction 1s inverted by the
application of a potential diflerence pulse that has a duration
that coincides with half of the precessional period of the
ferromagnetic free layer, or an odd multiple thereof.

26. The apparatus as recited in claim 19, wherein said
non-linear resistor 1s a diode selected from the group con-
s1sting of: a semiconductor p-n junction, a Schottky metal-
semiconductor connection, a metal-insulator-metal nonlin-
ear resistor, a Zener diode, an avalanche diode, and a tunnel
diode.

277. The apparatus as recited in claim 19, said magneto-
clectric junction of each cell further comprising:

a semi-fixed layer; and

a second dielectric layer interposed between the ferro-

magnetic free layer and the semi-fixed layer;

wherein the semi-fixed layer has a direction of magnetic

polarization that 1s anti-parallel with the direction of
magnetic polarization of the ferromagnetic fixed layer.
28. The apparatus as recited in claim 19, said magneto-
clectric junction of each cell further comprising:
a second ferromagnetic fixed layer with 1ts magnetization
substantially perpendicular to that of the first ferromag-
netic fixed layer and ferromagnetic free layer.
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